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ABSTRACT

Tensile, fracture toughness (KIC), threshold stress intensity for
sustained-load erack growth (KT“], and cyclic and sustained load criack
growth rato measurements were performed on a number of alloys in high-
pressure liydrogen and helium environments, The results of tensile tests
performed in 34.5 MN/m2 (5000 psi) hydrogen indicated that Inconel 625
was considerable embrittled at ambient temperature but wias not embrittlod
at 144 K (-200 Y, The tensile properties of AISI 321 stainless stecl
were slightly reduced at ambient temperature and 144 K (-200 FF)}. The
tensile properties of Ti-5Al-2.5 Sn ELI were essentially unaffected by

hydrogen at 144 K (-200 ¥), OFHC copper was not cembrittled by hydrogen
at ambient temperature or at 144 K (~200 F).

Threshold stress intensity (KTH) measurements were performed on Inconel
718 (in two heat treatment conditions), Inconel 625, AISI 321 stainless
steel, A-286 stainless steel, Ti-5A1-2,5 Sn ELI, 2219-T87 Al alloy, and
OFHC copper. The tests were performed at ambient temperature and 144 K
(-200 F) in 34.5 MN/m2 (5000 psi) hydrogen and helium environments and
were monitored by acoustic emission. Sustained load, hydrogen-induced
crack growth occurred in Inconel 718, Ti-5A1-2.5 Sn ELI and in A-286
stainless steel, No influence of hydrogen was noted on crack propaga-
tion in 2219-T87 aluminum and in OFHC copper. The acoustic emission
data indicated that crack growth occurred discontinuously and at irreg-
ular time intervals,

Embrittlement of notched Inconel 718 tensile specimens by 34.5 MN/m2
(5000 psi) hydrogen at ambient temperature was found to vary consider-
ably with condition. Reduction of notch tensile properties was least
for Inconel 718 with a very fine grain size, moderate for a coarse-
grained material after a 1325, 1033-922 K (1925, 1400-1200 F) heat
treatment and most severe for a coarse-grained material after a 1214,
991-894 K (1725, 1325-1150 F) heat treatment. FEnbrittlement appeared
to correlate with grain size and the presence of a nearly continuous
precipitate identified as NiLCb. The weld metal and the heat-affected
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zone of Incone! 718 welds ware more embrittled hy hydrogen than was the 1
parent metal, Fracture mechanics tests gave KTH values for coarse-

grained Inconel 718 in 34.5 MN/m2 (5000 psi) hydrogen at ambient temper-

atures of approximately 14 MN/m? Vi (13 ks /TT) for the 1214, 89)-804

K (1725, 1325-1150 ) heat treatment condition; and 42 MN/m2 vin (A8 ke
Vin.) for the 1325, 1033-922 K (1925, 1400-1200 I) heat treatment

condition,

KTH for sustained load crack growth in Inconel 718 exposed to hydrogen .
was apparently independent of temperature between ambient and 200 K 1

(-100 F). The cyelic crack growth rate in Inconel 718 increased with
increasing hydrogen pressure, and was a complex function of cyclic rate,
The influence of hydrogen on the cyclic crack growth rate of Inconel 718
decreased appreciably from ambient to 200 K (-100 F}.

The ambient temperature cyclic crack growth rates in HY100 and ASTM
A-533-B steels were approximately 20 times greater in hydrogen than in
helium over a wide range of stress intensities at pressures of 51.7
MN/m2 (7500 psi) for HY100 and 103.4 MN/m2 (15,000 psi) for ASTM
A-533-B, Hydrogen-induced, sustained load crack growth in ASTM A-533-B
was restricted to the inner plane strain region of the specimen.

Kpy was measured as a function of hydrogen pressure for AISI 4340 steel
and Inconel 718 to determine whether hydrogen-environment embrittlement

is caused by adsorbed or absorbed hydrogen. Ky was proportional to
P”20'076 for QISI 4340 for hydrogen pressures between 0.034 MN,’m2 (5 psia)
and 34.5 MN/m® (5000 psi). The Inconel 718 results irdicate that KTH

decreased approximately as #ﬁuz at hydrogen pressures less than 21 MN/m2

(3000 psi) and was independent of hydrogen pressure above 21 MN/m?
(3000 psi). 'The crack growth rate in Inconel 718 was slow when exposed n
to hydrogen at the lower hydrogen pressures, and it appeared from extra-
polation of the crack growth rate data that the stress intensity at

crack arrest may be independent of hydrogen pressure. The small effect
of hydrogen pressure on KTH of both alloys indicates that hydrogen-

environment embrittlement results from a hydrogen adsorption dependency

o

mechanism.
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NOMENCLATURE AND UNTTS OF MEASUREMENTH

erack length, inch

specimen thickness, inch

net specimen thickness, inch
compliance, in./lb

erack opening displacoment, inch
Young's modulus, psi

stress intensity, ksi\/Iﬁ.

plane strain critical stress intensity factor or plane strain
fracture toughness, ksi v/in.

maximum stress intensity reached prior to specimen failure,

ksi\/fﬁ.

conditional value of fracture toughness from test data, ksi/in.

plane strain threshold stress intensity, ksi vin.

number of cycles or total number of surface sites available for
gas adsorption

applied load, pounds

maximum applied load obtained prior to specimen failure, pounds
ratio of minimum to maximum stress during a cycle

ratio of nominal stress at K ax to yield strength

time, hours or minutes

specimen dimension, inch

Poisson's ratio

uniaxial tensile yield strength nf the material, psi

nominal stress in compact tension-type specimens, psi
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INTRODUCTTON

Advanced, high-performance rocket engines for the propulsion of' space vehicles

use high-pressure hydrogen and oxygen as propellants and, in ene instance, the
Spaee Shuttle main engine (S5ME), the hydrogen pressures will be higher than in
any previous production engine. It has been shown (Ref. 1 through 11} that Wi gh
pressure hydrogen can seriously degrade the mechanical propertics of many ol the
commonly used engincering alloys, particularly the higher-strength alloys. liow-
ever, data are lacking on the effects of high-pressure hydrogen on specific candi-
date materials, at appropriate temperatures and pressures, and on certain prop-
erties such as fracture wechanics properties. Thus, this program was conducted
to develop information on the mechanical properties of candidate structural alloys
in high-pressure hydrogen under simulated operating conditions to assist in the
selection of alloys and to provide design data and safe operating parameters for
rocket engine components and test facilities. In addition, one phase was con-
ducted at the request of the Naval Ship Research and Development Center to provide

data relative to high-pressure hydrogen storage bottles for deep-submergence
vessels.

The program was divided into eight phases which are outlined below. Throughout

this report, the phases have been ordered for logical development and are not in
chronological order,

PHASE 1. TENSILE PROPERTIES OF ALLOYS IN
HYDROGEN ENVIRONMENTS

Candidate materials for regions exposed to high-pressure hydrogen in the SSME in-
cluded Inconel 625, AISI 321 stainless steel, Ti-5A1-2,5Sn ELI and OFHC copper
(or copper alloy). On the basis of previous work (Ref., 1 and 4), Ti-5A1-2.55n
LT was categorized as severely embrittled and AISI 321 stainless steel as
slightly embrittled by 68.9 MN/m2 (10,000 psi) hydrogen at ambient temperature.
Inconel 625, being a nickel-base alloy, was expected to be embrittled when
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exposad to high-pressure hydrogen envirepments, Water and Clondler (Ref. 1wl
4) found that OFIC copper was not embrittled hy exposure te 10,000-psi hydrogen,
Put investigations by Vennett and Ansell (Ref. 11) indicated some rednction of
ductility of unnetched specimens of OFIC copper in 68.9 MN/me (10,000 psi) hydro-
gen at ambient tomperature.

In this phase, the effect of 34.5 MN/m2 (5000 psi) hydrogen on the tensile prop-

ortics of the alloys listed above was determined at ambient temperaturc and 144 K
(-200 ).

PHASE IT. THRESHOLD STRESS INTENSITIES OF ALLOYS
IN HYDROGEN ENVIRONMENTS

At the initiation of this program, almost no data existed on the effect of high-
pressure hydrogen environments on fracture mechanics properties. The effect of
34,5 MN/m2 (5000 psi) hydrogen at ambient temperature and 144 K (-200 F) on the

threshold stress intensity was determined for the alloys listed in Phase I and,

in addition, the 2219-T87 aluminum alloy.

PHASE I1II. ACOUSTIC EMISSION FOR MONITORING
CRACK GROWTH IN HYDROGEN

An acoustic emission technique was developed for monitoring crack growth in

threshold stress intensity tests in gaseous hydrogen einvironments.

PH, . IV. VARIATION OF HYDROGEN-ENVIRONMENT EMBRITTLEMENT
WITH MATERIAL CONDITION FOR INCONEL 718

Inconel 718 has many attractive properties and is being designed extensively into
the SSME. In previous work (Ref. 1 and 4), it was found to be extremely em-
brittled by high-pressure hydrogen. However, the degree of cmbrittlement was
found (Ref. 10) to vary significantly with the heat treatment and/or heat of
Inconel 718 tested. Also, few data (Ref. 9) were available on the hydrogen-
environment embrittiement of Inconel 718 weldments.
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Tensile tests on notched spacimens were used to determine the effect of material
form (i.e., plate, bar, or forging), heat treatment, and welding on the hydrogen
environment embrittlement of Inconel 718 in 34.5 MN/m? (5000 psi) hydrogen at
ambient temperature,

PHASE V. VFRACTURE CHARACTLERISTICS OF INCONEL 718 IN
HYDROGEN AS A FUNCTION OF "EST VARIABLES

The effect of hydrogen environments on the fracture mechanics properties of
Inconel 718 was determined for hydrogen pressures from 0.0689 MN/m? (10 psi) to
58.9 MN/m? (10,000 psi) at ambiont temperature and 200 K (-100 F),

PHASE VI. FRACTURE MECHANICS PROPERTIES OF A PRESSURE
VESSEL STEEL IN HIGH-PRESSURE HYDROGEN

The SSME test facility at Rocketdyne requires the storage of hydrogen at pressures
near 103.4 MN/m2 (15,000 psi). The available storage vessels were constructed of
ASTM A-533-B (previously designated A-302-B Ni modified), a low-alloy steel that
had been found previously (Rei'. 4) to be considerably embrittled by 68.9 Mn/m2
(10,000 psi) hydrogen. To provide additional information on the storage of hydro-
gen in these vessels, tests were performed to determine the effect of 103.4 MN/m2
(15,000 psi) hydrogen on tensile properties, fracture toughness (Kjr), thresheld

stress intensity (Kry), and cyclic flaw growth rates (da/dN vs Krj} for the ASTM
A-533-B steel.

PHASE VII. CYCLIC CRACK GROWTH IN HY100 STEEL IN
HIGH-PRESSURE HYDROGEN

The effect of 51.7 MN/m¢ (7500 psi) hydrogen on cyclic crack growth rates in
HY100 steel was determined to provide data pertinent to the use of that steel in
high-pressure hydrogen storage bottles on naval deep-submergence vessels.
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PHASE VIIT, MECHANISM OF HYDROGEN-ENVIRONMENT
EMBRITTLEMENT

The mechanism by which hydrogen environments embrittle metals his not been es-

tablished, although several have been postulated (Ref. 12). To clarify the
mechanism of hydrogen-environment embrittlement, measurements were made of
equilibrium crack extension (crack arrest) as a function of hydrogen pressurce
for Inconel 718 and ASTM 4340 steel.
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EXPERIMENTAL PROCEDURES
MATERIALS

The chemical compositions, heat treatments, and mechanical properties of the test
materials in the as-received conditions are listed in Tables 1 through 3, re-
spectively. The Inconel 718 was purchased in four forms from the suppliers listed
in Table 4. The Inconel 718 and AISI] 4340 were further heat treated at Rocketdyne,
and these heat troatments are listed in Table 5. The mechanical propertias of

the Inconel 718 materials in the various heat treatment conditions are listed in
Table 6.

The hardness of the AISI 4340 material after heat treatment was Rockwell C 47,
which corresponds to a yield strength of approximately 1380 MN/m? (200 ksi).

Inconel 718 weldments were made using the 0,013 m (1/2 inch) thick plate with a
joint design shown in Fig. 1. The weldments were made by gas tungsten arc weld-
ing with Inconel 718 filler metal, and with the weld perpendicular to the plate
rolling direction. After each weld pass, the weld was die penetrant inspected
and, after the weldments were completed, the welded plates were X-rayed. No
defects were found during these inspections,

TENSILE PROPERTY MEASUREMENTS

The tensile specimens were fabricated with the longitudinal axis parallel to the
materials longitudinal rolling direction. The test specimens were 0.0077 m
(0.306 in.) in diameter, 0.23 m (9 in.) long, were threaded on each end, and had
a 16-rms surface finish. For the unnotched specimens, a 0.032 m (1.25 in.; long,
0.0064 m (0.25 in.) diameter gage section was used. The notched specimens had a
60 degree V-notch at the midpoint, with a specimen diameter at the root of the
notch of 0.0038 m (0.150 in.). A root radius of 2.4 x 10 m (0.00095 in.) was
used to obtain an elastic stress concentration factor (K,) of approximately 8.4,
The stress concentration factor was calculated according to Peterson (Ref. 13).
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TABLE 2

»  HEAT TREATMENT OF MATERIALS AS RECEIVED

Material

Keat Treatmant

Inconel 718

Rolled Bar

0.013 m (1/2 in.) Plate

Ingonel 625

Rolled Bar
A-286 Steinless Steel
0.032 m (1-1/4 in.) Plate

ALSI 321 Stainless Stesl
0.032 (1-1/4 in.) Plate
Ti~5A1-2.5 Sn ELI
0.032 m (1-1/4 in.) Plate

2219-TB7 Al Alloy
0.032 m (1-1/4 in.) Plate

OFHC Copper

0.032 m (i-1/4 in.) Plate
ASTM A-533-B
0.08% m (3 1/2 in.) Plate

AISI 4340

0.030 m (1 1/2 in.) Plate
HY-100

0.038 m (1 1/2 in.) Plate

0.032 x 0,07 m (1-1/4 » 2-3/4 in.)

0.038 m (1-1/2 in,) Forging

0.041 m (1 5/8 in.) Forgirg

0.032 x 0.07 m (1-1/4 x 2-3/4 in.)

1228 K (1750 B), 3.6 ksac (1 hour), sir copled

1228 K (1750 F), 3.6 ksec (1 hour), air cooled
1228 K (1750 F), 1.8 kesec (1/2 hour}, spray quenched

1228 K {1750 F), 3.6 ksec (1 hour) air cooled; 991 K (1325 I},
28.8 ksec (8 hours), furnaced cooled &t .01 K/sec (7§ F/hr);
to 894 K (1150 F) and held at 894 K (1150 ¥) for 28.8 kse.

(8 hours)air cooled

1200 K (1700 F), 3.6 kaec {1 hour), air cooled

Solution tremted 1285 K (1800 £}, 3.6 ksec (1 hour), oll cooled,
aged 991 K (1325 K), 57.6 ksec (16 hours}, air cooled

Hot rolled, sannesled, and descaled

Final anneal cycle 978 K (1300 F} - 1033 X (1400 F), 7.2 to
28.8 ksec (2 to 8 hours), air cooled

Solution annealed 808 K (995 F), cold water quench, approx-
imately 8 percent cold work, age 86.4 ksec (24 hours)at
436 X (3258 F),

Annealed

1172 K (1650 F), 10.8 ksec (3 hours) water quenched
936 X (1225 F), 18.0 ksec (5 hours) air cooled
866 K (1100 F), 12.€ kpec (3-1/2 hours), air coolad

Not Supplied

Not Supplied
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A
300 *5,
!
12,7 mm
(0.50 iIn 3mm (0.12 In.)
RAD,
SCALE 431 t--1.27 20.25 mn

(0-050 0-0'0 ino)

Figure 1. Weld Design for Gas Tungsten Arc Welding of Inconel 718
With Inconel 718 Filler Metal
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Notched welded specimens were fabricated with the longitudinal sapecimen axis
parailel to the rolling direction and with the notches located in either the weld
or in the heat-affected zone. In addition, the unnotched tensile properties of
the Inconel 718 weldments were determined in air. The reducwd nections of these
specimens were 0.016 m (0.65 in.) long bridging the approximately 0,006 m (1/4 in.)
long weldment.

The apparatus used for performing the tonsile tests has been described elsewhere
(Ref, 4). Briefly, the tensile specimens were enclosed in a small pressure vessel
with the ends of the specimens extending outside the vessel through sliding seals.
The load was applied to the specimen by a hydraulic ram. The unnotched specimens
were crosshead paced at 2.1 x 10-0 m/sec (0.005 in./min). Notched specimens were
load paced at a loading rate that corresponds to 1.2 x 10~5/sec (0.0007/min)
strain rate.

Tests with this apparatus were conducted at ambient and cryogenic temperatures.
For the cvyogenic tests, the pressure vesssl was surrounded by a dewar filled
with cold nitrogen. The nitrogen was cooled by passing through copper coils im-
mersed in liquid nitrogen, and was fed into the dewar at a rate sufficient to
maintain the desived specimen temperature.

Calculation of the actual tenslle load for tast specimens required that the
friction from the sliding seals and the icnsile load from the high-pressure gas
be considered. The following equation was used to calculate the ultimate load
of the unnotched specimens:

Ultimate Load = Applied Load - Friction + Pressure
x (Specimen Area at Sliding Seal - (1)
Specimen Area Prior to Necking)

o ek

The maximum combined tenrilo load was assumed to occur prior to necking. For
notched specimens, the original area at the base of the notch was used in place
of the "area prior to necking" in the above equation.
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The percent elongation of the unnotched specimens was measured between punch marks
placed 0.0508 m (2 in.) apart outside and bridging the reduced section. The re-
duction of area of notched specimens was determined by using an optical compara-
tor to measurs the cross section in the notch before and after testing.

FRACTURE MECHANICS PROPERTIES MEASUREMENTS WITH
COMPACT TENSION SPECIMENS

Kse and Kry Measurements were performed on 0.0254 m (1 in.) thick compact tension
specimens designed according to ASTM specifications (Ref. 14) and shown in Fig. 2.
The tests were performed and the data analyzed in accordance with ASTM E399-72,
The ASTM equation is

1/2 P 5/2
) )

-185.5 (%)3/' +655.7 (&

=jw»

K = ;‘;‘1175 [29(.5(

-1017.0 (ﬁ)m . 638.9 (%)9/2]

(2)

where

= stress intensity, psi vin.
= applied load, pounds
specimen thickness, inch

= specimen width, inch

= crack length, inch

p = @ W X
"

The specimen: were loaded to a maximum "failure" load which occurred when further
increase nf ram travel resulted in reduction of applied load.

ASTM B399 requires that the strength ratio Rg. be computed for tests that do not
mest the plane strain fracture toughness requirements. The strength ratio is the

=

T YT et i S Bt
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ratio of the nominal stress at Kmax to the materials yield strength, and can be
used as a guide for estimating the relative fracture toughness of the material.

2P
R max 2We+a (3)

sc " oYs B (W~ E)T

After the maximum load was reached, each specimen was held under crack opening
displacement (COD) control and the crack was ailowed to propagate until arrested.

The crack extension at crack arrest generally exceeded the 0.45 to 0.55 a/W range
of the ASTM equation (Bq. 2). A compact tension specimen compliance calibration
was performed at the Rockwell International Space Division, and the equations
derived are accurate along the entire specimen length. Thus, the Space Division
compliance calibration was used for calculating the stress intensities at K final.
Equation 4 is the Space Division load line compliance equation. Equation 5 is the
crack mouth compliance equation, and it was used for predicting crack lengths

from crack mouth compliance measurements performed during the tests.

3T T I T

R e

1n CEB = -0,08044612 + 17.93260 (%)-54.91747 (\'.,})2

| (4)
~.. ,,116,1447(%)3 -125.0872 (%)4 +55,96971 (%)s

n CEB = 2.250949 + 4.680582 ( § )-15.97384 (ﬁ)z

; s 5 (s)

+57.2322 () -81.13888 (ﬁf +43.08261 1)

where

C = compliance = %%%3 R n,

E = Young's modulus, psi
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The stress intensity was obtained by differentiating the compliance with crack
length in sccordance with the Irwin-Kies relationship for plane strain conditions
(Eq. 6).

1/2 1/2
p 1 d (CEB 1
K= =177 (r rfmi‘) (;‘;‘f) (©)

where
U = Poisonts ratio

Thus, a numerical differentiation of Eq. 4 was performed for sach stress intensity
measurement.

Linear elastic fracture mechanics assumes that gross ylelding is not taking place.
Recently, Vroman et al. (Ref. 15) derived an equation (Eq. 7) that can be used to
qualitatively predict gross yielding in frontof a crack in compact tension and
wedge open loaded (WOL) specimens. Bquation 7 was derived on the basis of two
beams pivoting around the centroid of the material remaining ahead of the crack.

P Les ) (7)

o R E———S——
nominal a a
B (1 } ?) (1 il F)

Gross yielding ahead of the crack is assumed when is greater than oyiald'

“nominal
Equation 7 was computed for all stress intensity measurements made on compact
tension and WOL specimens and the nominal stress (cnominnl) value obtained was

. compared to the materials' yield strength to determine whether gross ylelding had
occurred. As would be expected, the computed ¢

nominullayield values were virtu-
ally the same as Ry computed from Eq. 3.
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FRACTURE MECHANICS PROPERTIES MEASUREMENTS WITH
WOL SPRCIMENS

Wedge open loaded (WOL) specimens were used principally for performing measure-
ments of threshold stress intensity (KTH) in high~pressure hydrogen and helium,

Figure 3 shows the WOL specimen used for these measurements. The design follows
that of Novak and Rolfe (Ref. 16) and their experimentally determined stress in-
tensity equation for this specimen design is given below:
a
PCS(W

K = ———), ksi /E-.- {8)
,/B Bn a

4 = applied load, kip
2

Cs(%) = 30.96 (5)—195.3(3.) 4 5

+730.6 (7".,-)3 -1186.3 (&) +754.6 (%)

a = measured crack length, in.

W = specimen dimension, in. (2.55 in., 0.065 m)

B = specimen thickness, in. (1 in., 0.0254 m)

Bn = net specimen thickness, in. (0.90 in., 0.0223 m)

The measured crack length was determined from the following relationship:

R +ag + 2 (ay + 85+ 34)

as 3 (9}
where

3 and & crack length measured at points 3.8 x 10'4 m (0.015 in.)
in from the face notches along the two sides. The inter-
section of the crack at the face notches was difficult to
accurately determine and thus a distance slightly in from
the sides was chosen.

ag = c¢rack length at the center thickness

&y = crack length midway between a; and ay

ay = crack length midway between a; and aj

18
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Crack lengths were also determined on all of the specimens from the compliance at
the beginning of the test (initial crack length) and at the end of the test (final
crack length). The compliance versus crack length relationship (Eq. 10) was ob-

tained by Novak and Rolfe (Ref. 16) for the side-grooved specimen shown in Fig. 3.

(%) - % (%)
(10)
C (3-) * exp [3.453 - 18,097 (5)+ 42,314 (%)2 - 64,677 (3-)3 .

36.845 (-3-)4]

v = crack opening displacement at knife edge groove 0,0155 m (0.6 in.)
from the load center line

= load, pounds
a  Young's modulus, psi

The displacement gage calibration was made at the knife edge, 0.0165 m (0.65 in.),
from the load centerline rather than at the knife-edge groove 0.0155 m (0.6 in.)
from the load centerline as used by Novak and Rolfe for deriving Eq. 10. For pre-
dicting crack lengths, v/P in Bq. 10 was increased by (0.65 + a)/(0.60 + a).

The method selected for measuring K, was patterned after one developed by Novak
and Rolfe (Ref. 16). The technique involves maintaining a constant crack opening
displacement and allowing the load, and thus the stress intensity, to decrease as
the crack extends, The test apparatus for performing these measurements will be
described in a subsequent section.

The load and COD were monitored during the thresholc stress intensity measurements
and, therefors, ch-typo measurements were alsc obiainable. The KTH measurements
were performed during the period ASTM E399-70T (Ref. 17) for plane-strain fracture
toughness measurements was in effect. For most of the Ky measurements, the
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specimens were loaded to somewhat above the S-percent secant offset, but were
rarely loaded to the failure load, ms required for obtaining valid K,. data in
the subsequent ASTM standard E399-72 (Ref. 14). The streas intensity at the 5-
percent secant offaet (KQ) was designated Kre according to B398-70T if the
£E399-70T plane strain requirements were met.

The S-percent secant intercept corresponds to 1.7- to 2.4-percent increase of crack
length in the ASTM standard compact tension (CT) and bend specimen design, For

the WOL specimen (Fig. 3), the 5-percent secant intercept corresponds to about
2.8-percent increase of crack length. Thus, the resulting KIC stress intensity
measured by the S-percent secant offset on WOL specimens would be siightly higher
than the stress intensity measured on CT specimens using the 5S-percent secant
intercept method, but the difference would not be significant.

FRACTURE MECHANICS PROPERTIES MEASUREMENTS WITH
TAPERED DOUBLE CANTILEVER BEAM (TDCB) SPECIMEN

Nearly all of the cyclic load crack growth measurements and many of the Phase VIII
crack arrest measurements were performed with (TDCB) specimens. The particular ad-
vantage of this specimen is that, over a considerable portion of the specimen,

the applied stress intensity is virtually independent of crack length, and de-
pendent only on the applied load. Thus, for cyclic load crack growth measure-
ments, the specimen can be load-cycled at a constant stress intensity for a suf-
ficient distance to accurately establish the cyclic load crack growth rate at

that stress intensity. The TDCB specimen design also is advantageous for crack
arrest-type Kp, measurements. This is because the stress intensity decreases
considerably more rapidly during crack extension at constant COD than it does
with the compact tension or WOL specimens in which K increases with crack length
for & given load.

The TDCB test specimen design is shown in Fig. 4. Mostovoy et al. (Ref. 18)
designed the specimen and showed that the complisnce was linear (constant K) for
crack lengths of approximately 0.0254 m (1.0 in.) to 0.0762 m (3.0 in.). Since
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Mostovoy et al, performed their tests on an aluminum alloy, it was deemed desire-
able to perform a compliance calibration on one of the materials tested in this
program.

The compliance calibration was performed (Ref. 19) at Rockwell International's
Space Division on an HY100 TDCR specimen. The specimen was tension-tension cyclic
loaded (R = 0.1) to extend the crack. Cycles with a maximum load of 17,300 newtons
(4000 pounds) were applied for 20,000 cycles to extend the crack, and the maximum
¢yclic load was then reduced to 10,700 newtons (2400 pounds) for 20,000 cycles to
produce a visible marker band to delineate the crack position. The compliance
measurements were then performed before and after marking. This procers of grow-
ing, marking, and making compliance measurements was continued for the length of
the specimen., At each change of cyclic load, & test record of the load versus
COD was made at the load centerline and at knife edges 12.7 mm (0.50 in,)

from the load conterline. After the specimen was broken, the crack length (a)

to each marker band was measured., This crack length was matched to its appropri-
ate load versus COD record and a plot of (a) versus B (COD/load), where B is the
specimen thickness, was generated, These data were then put into a Hewlett
Packard Model 9100 programmabie calculator with plotter which, with a regression
analysis program, determined the best fit polynominal equations for the data
points. Equations were derived relating: (1) compliance to crack length, and

(2) load and crack length to stress intensity.

Figures S and 6 show the results of the compliance calibrations performed on the
TDCB HY100 specimen. Included in Fig. 5 and 6 are the data point plots, best fit
curves, and the equation for these curves. The variables in the squations are:

X=a and Y-B(Egl’-)

where
B = specimen thickness, inch
COD = crack oponing displacement, microinches
P = load, pounds
a = c¢rack length from load centerline, inch
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Stress intensity equations wers derived from the compliance data at the load
centerline, The stress intensity is independent of crack length for crack
lengths between 0,0254 m ( )} in.) and 0.0635 m (2.5 in,), The following are the
stress intensity equations,

3 -6
¢ n [ 30810°K1,6468x00"° o oacs
(

.0 in
2 BB, (1-u) 0,06358 m (2.5 in

1 )€ a s
2|- )

(1)

for

‘u P\u/30x106(1.1215*1.5658:—1.3a2+0.32;3)10'6
2.8 8 (1-v)

(12)
a 20,0635 m (2.5 in,)

vhere

= stress intensity, psi\/Iﬂ.

load, pounds

= Specimen thickness, inch

= Net specimen thickness at bottom of side grooves, inch

w W o x
]

n
a = crack length, inch
W = Poison's ratio

Modulus of elasticity of 30 x 105 was assumed for HY100 steel, and the same
modulus was assumed for calculating the stress intensities for Inconel 718
specimens. These results, when normalized to specimen thickness and modulus,
compare closely with those obtained by Mostovoy and co-workers (Ref. 18) for
specimens fabricated from an sluminum alloy.

The compliance calibrations also were performed at the specimen mouth (Fig. 6},
and the crack length as a function of specimen mouth compliance is given in
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Bq, 13, Equation 13 waa used Lo calculate the crack length during the cyclic and
suatained load crack growth measurements,

a = ~25981 +0,53625Y « 0.045350?2 -0.00903253\’3+0.000301290Y4 (13)

The ayclic load crack growtl rate measurements were performed at 1 cycle/sec at a
load amplitude of R = Minimum Load/Maximum Load = 0.1, Several data points were

usually obtained at each stress intensity, and only the average values of the
cyclic crack growth rates were plotted,

The susta'ned load Ky Measurements were performed by loading the specimen to a

stress intensity above KTH and allowing the crack to propagate while holding the
COD constant.

Test Apparatus Used for Performing Fracture
Mechanics Measurements

Two test vessels were used for performing the fracture mechanics measurements,

One vessel is 0.15 m (6 in.,) in diameter and 0.41 m (i6 in.) long. The vessel is
rated at 103.4 MN/m2 (15,000 psi), and is designed for ambient-temperature service
only. For the fracture mechanics tests, the vessel contained the specimen, load-
ing grips or clevis, load cell, and displacement transducer as is shown schemati-
cally in Fig., 7. The specimens were loaded by means of a 290,0C0 newton (65,000
pound) loading ram that extended into the side (top of the picture) of the vessel
through sliding seals. The electrohydraulic loading column was controlled from
the load cell signal for the KIC and cyclic load crack growth rate measurements,
and from the signal from the COD transducer for the KTH measurements.

The second vessel is of 0.15 m (6 in.) diameter and 0.25 m (10 in.) long, and is
rated at 41,3 MN/m2 (6000 psi) st ambient and cryogenic temperatures. This
vessel was used for performing KTH measurements at ambient and cryogenic tempera-
tures on WOL specimens, and cyclic load crack extension measurements at cryogenic
temperatures on WOL specimens. The vessel is shown in Fig. 8,

27

T A R e

Pt T R

j > s .




(rsd 000°ST) U/NH ¥°£01 03 dn
saInssald 1® SIUIWLOITAUZ sxnjeradwd)-Iusatquy ur suaurdads goaL pue “10M
cuotsua] 1dedwo) UG S1S3] SOTUBYISH IINIIeXj JuUTMIOFIaq I0F PIs [ISSaA

\

YINIT 13315 SSTINIVLS QIIN3A /

=

S4id

\-.m:_uﬂ._m

——

an)

-

WM TI3LS SSITKIVLS CIAINIA

STviS MialTS

+l 2INBE]

28

SHINoMNHLAIIS
NI

ANIA NIIQUCAH



RAM, A-286

"//""COOLING INLET

| COOLING OUTLET
EXTENSION TUBE, A~286 mevemea——an|

ELECTRICAL FEEDTHROUGH
(6 LEADS)

THERMOCOUPLE

GAS INLET/VENT (3 COUPLES)

BODY, A-286

ﬁ,
onEl .

0.254 m
(10 tn,) — SEAL RING, 316 SS
a et |-, 152 =
; (6 tn,) ,
, ! I
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5‘ o u l
¢ i
| = A
| I
COVER, A-286 ; | '

STUDS AND NUT, A-286
SILVER-PLATED

Figure 8. Pressure Vessel Used to Perform Tests on Modified
WOL Specimens in High Pressure Hydrogen
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A special loading column was developed for performing the Kry measurements in
high-pressure environments, and the loading apparatus is shown schematically in
Fig. 9. A load was exerted on the specimen by rotating the torque shaft that
extends through a sliding seal located above the vessel. By rotating the loading
ram, & compresaive force was exerted across the load cells, and this force in
turn acts as a tension load across the specimen. The specimen was held from turn-
ing by the two bolts at the bottom of the apparatus., When the vesasel is pressur-
ized, the pressure acts to push the loading ram through the sliding seals out of
the vessel., To ensure that this pressure load was not transmitted to the speci-
men, the loading ram was held in place by means o: a spacer located between the
torque shaft coupler and the inside vessel top. The two bolts at the bottom of
the vessel were loosened so that the spacer takes the entire pressure load.

e e o —————— e el i 2 -

The displacement was monitored during the test by means of NASA-type clip-on gage
positioned on the specimen in the usual manner.

During the latter part of the program, the loading column was modified to in-
crease its stiffness and ' hus increase the rate of stress intensity decrease with
increasing crack length. The modification consisted basically of inverting the

test specimen to essentially eliminate the stub shaft and increase the size of
the loading bridge.

The specimens were loaded hydraulically for the cryogenic-temperature, cyclic
load, crack growth measurements. For these tests, the spacer coupler and stub
shaft were removed and the torque shaft was screwed directly into the specimen.

An adapter was placed between the loading bridge and the top of the vessel so
that a compression load was exerted across the dual load cells while the. specimen
was loaded in tension. The vessel was placed in a test frame and the torque shaft
was connected to the hydraulic cylinder.

Tests were performed at ambient temperature and at temperatures &s low as 144 K

(=200 F). Por the cryogenic tests, heat exchanger openings were machined into
the pressure vessel, and a heat exchanger in the form of a coil w.s installed
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Figure 9. Apparatus for Perfomming Threshold Stress Intensity !
Measurements in High Pressure Environments !




around the inside wall of the vessel., Liquid nitrogen was circulated through the
heat exchanger on demand from a temperature controller that regulates the N,
flow through a solenoid valve. The pressure vessel was alsc surrounded by a
dewar filled with cold GN, and the temperature maintained in the dewar by inflow
of LN, controlled by means of a temperature controller,

There were three thermocouples inside the vessel. One of the thermocouples was
located at the inside vessel wall, and its signal was sensed by the temperature
controller controlling the LN2 flow through the heat exchanger inside the vessel.
The other two thermocouples were used to measure and record the test temperature.
A thermocouple, spot welded to the outside vessel wall, was used for controlling
the temperature in the dewar surrounding the pressure vessel. The temperature
was controlled within 5.5 X (10 F) during the cryogenic-temperature tests, Dur-
ing most of the test period, the temperature deviation was, however, considerably
less than 5.5 K (10 F).

TEST ENVIRONMENT

Considerable care was taken that the hydrogen test environment for the tensile
and fracture mechanics measurements was of high purity. High-purity bottled
hydrogen was further purified by passing through an Engelhard DeOxo unit, BaQ
desiccant, and a mixture of activated charcoal and activated alumina maintained
at boiliug nitrogen temperature. The hydrogen was then ptessurized by means of a
diaphragm compressor or a nonlubricated air-driven compressor encased in a box
purged with argon. The hydrogen was then further purified by passing through a
vessel containing activated charcoal and a molecular sieve, while the vessel was
maintained at bolling nitrogen temperature.

Purity of the purified, high-pressurs hydrogen was analyzed to be <0.9 ppm No,
~0.2 ppm 0,, and ~1.3 ppm H,0, with no measurable CO or €O,. Bottled helium with
typical impurity contents of 3 ppm 02, 1 ppm Hy0, and 6 to 7 ppm N, was used for
comparison tests.
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To remove air from the pressure vesssls used for performing the tensi . tests,

the vessels wore evacuated to <20 microns and backfilled to 0.69 MN/.n2 (100 psi)
with hydrogen three times, This was then followed by five hydrogen pressurization-
depressurization cycles between a pressure equal to the final test pressure and
about 0.34 MN/m2 (50 psi) hydrogen before the final pressurization to the test
pressure, The pressure vessels used for performing the fracture mechanics measure-
ments wore evacuated to <20 microns snd backfilled three times to 6.89 MN/m2

(1000 psi). This was followed by three hydrogen pressurization-depressurization
cycles from the test pressure to about 1,38 MN/m2 (200 psi) before final pressuri-

zation to the test pressure. For tests conducted at less than 6.89 MN/m2 (1000 psi),

the pressure vessels were purged seven times between <20 microns and the test
pressure prior to final test vessel pressurization,

ACOUSTIC EMISSION APPARATUS

Crack growth during testing of the WOL specimens was monitored by acoustic emis-
sion. It has been well established during recent years that stress-induced slip,
twinning, and fracture can emit a low-level sound, a phenomenon known as acoustic
emission. The test method employs a piezoelectric crystal detector that is in
direct or indirect contact with the specimen. When deformation or cracking occurs,
the crystal produces signals that may be amplified and recorded on tape together
with the load or may be used to drive a loud speaker. The acoustic method is ex-
tremely sensitive to small crack extensions, and may give definite indications of
crack movement before either an electrical potential or a displacement gage gives
a discernible output. Another advantage of this method is its relative simplicity
and adaptability to a variety of specimen types and testing situations.

Acoustid emission can be utilized for detecting crack growth during threshold
measurements conducted on modified WOL specimens in high-pressure hydrogen en-
vironments. To perform these measurements, the specimens are deflectsd until
crack growth occurs. The crack opening displacement is then held constant until
the crack ceases to propagate. Thus initiation and termination of crack growth
can be detected by acoustic emission if the emissions from extransous sounds
(e.g., those from loading) can be filtered out.
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While the amplitudes of the scoustic signals seem to increase with the amount of
material involved in & given increment of crack movement, thers js no technique
at present for relating the emission to the extent of crack growth, For this j
reason, the acoustic technique is best used in conjunction with either potentlal :
measurements or displacement gages.

The acoustic emission circuitry was designed and set up cn a prior IR&D program
conducted at Rocketdyne. A block diagram of the apparatus is shown in Fig. 10.
The circuitry includes an Endevco 2217 accelerometer liaving & resonant frequency
of 30 kHz. The accelerometer output is amplified and filtered* before being
processed, i.e., integrateu and rectified. An ampiification of 200,000 is im~-
posed on the preprocessed signal, The final sigral is recorded simultaneously
on a strip-chart recorder for analog output snd in a counter-printout system.

The final signal is a shaped pulse that is produced for every incoming signal
burst above a preset voltage level. The duration and height of the pulse are
determined by the time constant of the RC integrator. In the tests described
below, the time constant was approximately 20 milliseconds. The counter/printout
system is controlled by a preset counter, and records total count in predetermined
time intervals. Total count and count rate (slope of total count versus time
plot) are the only parameters having quantitative significance at the present
time. However, pulse height and pulse energy, and emission frequencies have
unique features as characterizing parsmeters to distinguish such things as de-
formation versus fracture. Further development work is required before these
parameters can be used. The final signal is also fed into an oscilloscope for
data viewing (Fig.10).

The effort assigned to the acoustic emission phase was limited, and thus only a
small fraction of the Ky tests were monitored by acoustic emission. Moreover,
the circuitry design was new and not completely "de-bugged.' There were several
persistent problems. One of these, which was concerned with extraneous emissions
from the flow of LN, and from a solenoid valve in the nitrogen line, prevented the

FFrequencies up to 20 kHz are removed by filtering.
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successful conduct of any cryogenic test. An auxiliary bucking circuit was de-

;, | signed to eliminate these unwanted emissions., Emissions from the LN2 flow were
i eliminated but not those from the solenoid valve. In all tests, the accelerometer ; F
}_h was attached via a stud to a collar around the loading column. Despite this re- '

mote location external to the test chamber, the accelerometer performed satis-
.’ factorily, with no detectable loss in sensitivity to crack-induced emissions
from the test specimen.

A“i’_.fT.
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RESULTS AND DISCUSSION

PHASE I, TENSILE PROPERTIES OF ALLOYS IN
HYDROGEN ENVIRONMENTS

Under this phase, the effects of hydrogen environments on tensile properties were
determined for Inconel 625, AISI Type 321 stainless steel, Ti-5Al-2.5 Sn ELI, and
OFHC copper. Unnotched specimens were tested in air under ambient conditions and
unnotched and notched specimens were tested in 34.5 MN/m2 (5000 psi) hydrogen
environments at ambient temperature and 144 K (-200 F), The average tensile prop-
erties are given in Table 7, and the data for individual specimens are presented
in Appendix B. As has been found in previous programs for other materials, none

of the materials tested experienced any decrease in yield strength due to the hydro-
gen environment.

For Inconel 625, the ductility of unnotched specimens was considerably reduced and
the strength and ductility of notched specimens was moderately reduced in 34,5 MN/m2
(5000 psi) hydrogen compared to 34.5 MN/m2 (5000 psi) helium at room temperature,
Even the ultimate strength of the unnotched specimens was somewhat reduced in hydro-
gen at room temperature. The reduction of notch strength of Inconel 625 by 34.5
MN/m2 (5000 psi) hydrogen is similar to that found for the more moderately embrit-
tled conditions of Inconel 718 although Inconel 625 is not as strong an alloy.
Generally, for similar materials, it has been found previously (Ref. 4},

that the stronger the alloy, the greater the susceptibility to hydrogen environ-
ment embrittlement. The reduction of ductility of Inconel 625 by hydrogen at room
temperature was quite severe although considerable ductility wus still present.

The unnotched Inconel 625 specimens tested in hydrogen at room temperature contained
surface cracks in the necked-down region, which were rather large and deep (Fig. 11)
and are similar to those that have been observed on steels such as ASTM A-302. The
effect of 34.5 MN/m2 (5000 psi) hydrogen on the tensile properties of Inconel 625

at 144 K (-200 F) was insignificant and no surface cracking was observed at this
temperature.
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Mhotomacrograph 5x

Photomicrograph 100x

Figure 11. Inconel 625 Unnotched Specimen Tested
in 34.5 MN/m2 (5000 psi) Hydrogen at
Room Temperature




For AISI 321 stainless steel, tho strongth and ductility of notched specimens was
slightly reduced by 34.5 MN/m (5000 psi) hydrogen compaved to 34, MN,mz (5000
psi) helium at room temperature. At 144 K (-200 F), the properties of notched AIST
321 stainlesa-steal specimens were essentially unaffected by hydrogen, Far un-
notched AISI 321 stainless-steel specimens, the reduction of Area was decreased
very slightly by hydrogen at room temperature but to a somewhat greater cxtent

at 144 K (~200 F). The unnotched AISI 321 stainlesa-steel specimens tested in
hydrogen contained surface cracks. At room temperature, numerous, smull, very
shallow, blunt surface cracks (Fig., 12) formed over the entire reduced section,

At 144 K (=200 F), the surface cracks (Fig. 13) were larger, considerably sharper,
and deeper, but were restricted mainly to the necked-down region. The larger
cracks formed at 144 K (-200 F) would account for the soirewhat greater decrense

in the reduction of area by hydrogen at 144 K (-200 F) than at room temperature.
The behavior of the AISI 321 stainless steel in hydrogen is similar to that observed
for other stainiess steels (e.g., AISI 304), which tend to form martensite during
deformation. The effects of hydrogen environments on these stainless steels have
been attributed to cracking in the martensite in the hydrogen environment (Ref. 4
and 5). At =200 F, the amount of plastic deformation needed to form martensite

is less than at room temperature.

In a previous program (Ref. 4), it was found that the N 2/NHe ratio for the Ti-
$A1-2.55n ELI alloy was approximately-0,8 for pressures of 68.9 MN/m (10,000 psi}.
However, tests were performed only at room temperature. The results in Table 7

show that this alloy was essentially unaffected by 34.5 MN/m (5000 psi) hydrogen
at 144 K (-200 F). No surface cracks were observed in specimens tested in hydrogen.

The results in Table 7 show that OFHC copper was essentially unaffected by 34.5
MN/m2 (5000 psi) hydrogen both at room temperature and 144 K (=200 F), No surface
cracks were formed.




r~

Photomacrograph  5x

Photomicrograph 100x

Figure 12, AISI 321 Stainless Steei Unnotched Specimen
Tested in 34,5 MN/me (5000 psi) Hydrogen
at Room Temperature

41

S N -5 —

[RSEPeTy, =N B

(4—

-




© n AR s o

= v A RIS 4rabi - 1w

Photomacrograph SX

o=
—
s
E
-
-

Photomicrograph 100X

Figure 13, AISI 321 Stainless Steel Unnotched Specimen
Tested in 34.5 MN/md (5000 psi) Hydrogen
at 144 K (-200 F)
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PHASE II, THRESHOLD STRESS INTENSITIES OF ALLOYS
IN HYDROGEN ENVIRONMENTS

The throehold stress intensity (KTH) Was determined for various alloys when exposed
to 34,5 MN/m (5000 psi) helium and 34,5 MN/m (5000 psi) hydrogen environments at
ambient and at 144 K (-200 F), The alloys tested were Inconel 718 in the A and C
heat treatment conditionaz (Table 5), Inconel 625, AISI 321 stainless steel, A-286
stainless steel, Ti-5A1-2,5Sn ELI, 2219-T87 aluminum alloy, and OFHC copper. All
tests were performed on WOL specimens using the loading column shown in Fig, 8.

The WOL specimens were fabricated from the same materials as were the tensile speci-
mens for which the test results are given in Table 7. The Inconel 718 WOL sppci-
ments were fabricated from the Inconel 718 rolled bar (Table 1).

As described in the Procedures section, the method used for performing the Ky

measurements also ylelded fracture toughness (KIC} values for many of the conditions
tested.

The results of the fracture mechanics properties measurements are tabulated in
Table 8 and the average KIc and KTH values are summarized in Table 9. Table .0
lists the yield strengths and maximum stress intensities that meet the 2.5 (KI/cYS)
requirements for the WOL specimen dimensions used for these tests.

Table 8 contains the KIC fracture toughness and the stress intensity, Kmax' at
which loading was stopped and the crack allowed to propagate until arrested at
Ky The Knax Stress intensity was computed from the maximum load and the initial
crack length, This frequently resulted in an underestimation of Kmax because of

crack growth prior to obtaining the maximum load.

For each stress intensity, Table 8 also indicates for the KIC and KTH stress inten-
sities whether plane strain fracture toughness requirements according to ASTM
E399-70T (Ref. 17) were met. For a KIC value to be valid, the following test
requirements must be met: (1) the load rate must be such that the rate of increase
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TABLE 8.

RESULTS OF FPRACTURE MECHANICS PROPEFTY ME
VARIOUS ALLOYS IN 0.1 MN/m? (1-ATM PRESSURE) AIR A

Tapt Environment LITY 1. " ',__'m ) [ .
Tempata- X Masts ASTM Requirements k Final Tin
ture -
2.5 0.4 X b e e
H Nomina - Sominal .
Specimen --\'-Nr Jo | ™ (;'_) Mequire-| Crack Stress Lons |7 /n 81 Etress Leas ..."'!‘!. Ju| ™ sesa
| Meweri Ne. Type x| F |» vin. Ny sent  [Uniformity | than e . Vin, [than w " ] {g‘,’; 12
Inconel 718 heat A? Ale %5 70 [ H " |yn yes yos yeas [ H 7% yes mwic) ) FLY 6!
treated at 214K, {1 atm)
791 to 894K A2 He 73 o |y yes yes 75 (1] %0 55 3
(1725F, 1828 to AP He 10 7 |y yos 0 73 sslel | 50l®) | 18
1150F) A3 Hz . . . - yus 34 32 .- - ..
A Hj -- - .- -- ne 27 25 - - .-
AS Hy . yes 2 24 22 20l | 2
Al Ha as . e .. yes 23 21 14 13
Al He 144 |-200 1] [ 1] yo yos ne ] ] " .. . Ehe
M2 ke o - yas 61() | 73le) MMUBETICN BN
IST I [T - . yus e} | 7 s0fe) | 72le) | 2
All 3 - - yei % 1] o3l | ;) | 2
Inconel 718 Heat [H He w8 | 10 i 105 marg, | ne you 112 e} Limf®) | e
trested at 1325K, " He 122 it |m yos yos N.0, N.0. 12 102 T.¢
1033 to 922k 1] Hz - . . - yos 70 o 55 50 i,
(1925F, 1400 to " Ha 110 100 |ym - yos 110 100 N.0. N.0. b
1200F) B0 Hy N.O. NG, | - -- yos 56 51 42 38 Y
87 He te--200] 1 1H (e yn (" .0, N.O. 139fe) 12e(s) | 6.5
[Ty He 1 108 |y ne e N.O. N.O. 159le) jazeds) | 2.
i He 136 109 yms yos you N.0O. N.Q. o) tiaz(s) | e
82 Hz 120 109 |ym ® yos N.O. X0, 1370(€) | iiele) | 5.8
M3 w2 122 11 |y yos no N.O, N.0. 1usle) [igele) | sie
() Hz s 109 |y yos yes N.O. N.0. 125le) (aste) | 6.2
Inconel &15 2 He %85 | N [} [} ne yos ne 16 70 76 70 6.5
5 He »” 0 In yes yeu » 20 ] 90 14
1 H3 L1} 9 |ym yes yos 62 §6 &7 56 6.1
? Hz i 75 |ne no yes 105e) | pels) ne 105(e) | sole) | 26
4 He 144 [-200] 1090e) | 97(sd yes -- -- 1316e) | 11902} yan 130le) 1 ni8le) | ~0.7
5 He 1 108 yes you no 160 145 ne 156 142 5.9
6 He 108 " yos ne yo 172(6) { 157(8)| no 1e8{e) fisile) | 2.0
9 H2 104 L L) no yap yos 115 105 yus 128 112 6.5
] W2 118 107 yes ho no 156 143 no 150 137 5
ALl 321 1 He 295 | 70 33 30 yos no no a3fe) | aele)l no azfe) | sple) | e
Stainiess Steel ) te 40 ) . ne no a7(e) | a3lell ne aa(e) | aofe} | o8
3 Hy 208e) | 25(e) yos yos yes 37{e) | 34(e) yes 2(e) | () | o
3 Hz .. e | omn - - ne uile? jaalel ne uile) Lot e
H H 40 37 ne "» ye ne 47 42 43 » L
4 He e -200] 30 27 Yes no yos arle) | a3le) sle) | 7pt®) 1)
4 He 1] b1 " yeb e 47 L} 1] L) .
7 I, 3 3% T o no sale) [ apled atte) | apled | 5p
9 Hz 2 2 yes ne res yes L1} 9 you 31 n 8.1
A-280 4 He F ] 19 12¢ |ne no yos 0 159 143 ne 159 145 ne
Stainless Stesl [] He 153 140 yoeu yes no 181 165 ne 180 143 6.3
3 ™ wele) | aa(e) no yor yos 120, . | 109 yos 120 109 6.8
5 Ha 7" 7 no yo yos 170(8) [ 14(8)] no wofe) |aarle) | a3
10 'H 133te) [aafs yos no 168(8) | y30(e) usled |jpsle) 2:53\
& He 144 |-200 ] 184 14 T (1) no 18 17 194 177 .
? He 112 192 %o ;u nw 204 1 196 179 5.8
] H2 1 130 yes yos no 1) 181 " 181 7.6




FIANICS PROPERTY MEASUREMENTS UN MODIFIED WOL SPECIMENS OF
PRESSURE) AIR AND IN 34.5 MN/m? (5000 PSI) Hy AND He

. *m
K Fina) Tine Under Meots. ASTM
Load Reguizements |
T My Nomi
al — ominal
rl.lll M/ R feeconds ('—“-) | Crack jstress Less
L vin. {v 10 Hours [ \¥yn/ Juniformity | than ey, Test Dascription
i) | | e |19 yo -- yos
60 5 1 (1) yas
ssle) | sots) | 1 50 ne
" . .- -- s .- Specitan failed during hold period
aa . . . - . Specimen failed during hold period
] 20{¢) 2.7 7.5 F no Crack arrest determined by backing off of load
14 13 yes yeu Crack ded n of
3 - . .- . .- . rack extendsd nearly entire length of specimen durin -in
n(:; n?; 1.2 32 yor .- Y " 2 B s PO 2
L1} T24¢ 2.3 . ] H, pressure ranged between 17.6 MN 2550 p3 4, L dur [
Fo I I S IS I l o 2P s /" (2850 pst) and 34.5 MURT (5000 pal) during test
wled [ ] e 117 [marginai] -
112 102 7.6 19.5 |marginal yoi
k §5 4] .9 ’ yes 5.5 Crack arrest determined by backing off of lowd
N.O. N, 0. 8.2 5.8 .. - Crach extended nearly sntire length of specimen
P 42 ae 1.4 &7 yos yos
130{e) 1i26(e) | 6.8 [ 17,5 o no
13p(e) | jae(s) 7.2 | fe - Sacond loading of specimen; first losding wes at room tempsrature shove
1a0(e) |1276e} | a1 | 1?7 ™ o
1270} [ipe(e) [ S.8 | 16 jwarginal
119(2) | 108le) 5.9 | 168 yo
125fc) |113{e) 6.3 | 17.8 yus
% 70 6.5 18 ne yea yas
99 20 14 40 no yes re
67 5 4.1 17 no .- no Crack branched and did not propagate
wos{e) | gele) | 28 72  Imerginal] ne no
130e) [1pple) | 0.7 | -2 no .- yos
156 142 5.9 16.5 yos no
166(e) Jisafe) | 7.0 | 19.5 no "
123 112 6.5 i8 yes yai
150 157 2% 70 yeu ne
ale) | e |17 -
4afe) | aole) | 6.0 |19 ne
3afe) | 28d0) | 0.8 1.8 First losding of specinen
1ile) |o1(e? | e | 4.8 ne Second time specimen war tested
43 3 10.0 ) yos
sle) | w® | 1 {3 no
38 5 [N ] 4.5 yes
ale) | )] s | 16s " yos
3: 2 6.1 1? yas you
154 148 7.0 10.5 yes ne
18 163 4.3 17,5 yeu ne
1 109 [} ] 1 yos Barginal
HO(‘% 12788) | 33 9} no ne
11afs 10sle) | 288 b H Hydrogen snvironment induced crack extension which did not arrest sfter 792 hours
194 in 1.3 13 yo
196 179 5.8 18 yea 2 1
199 L} 7.4 2 yoa 4 hours at 34,5 MN/m° (3000 pai): 17 hours betwesn 1.4 MN/R
(200 pai) and 34,5 MN/m¢ (5000 pei)

FOLDOUT FRAME 2
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TABIE B, (CONCLUDI
flﬂ Environmant - 7 ‘IC ' ‘.‘!_ L e
. Tim |
":5::' kq Meats ASTM Regquiremanta k Finat ! Lo
i e 22
¥ \2 K Nominal ~ L Nominal -
Spseinen -m‘.- S| s8R ntqu?u- Cragh  |Stress Lesa mT S| FBL lerass Less .'.‘.'.N}. | 81 naconds
Material Ko, Type K| F |nm vin. [\'n ment  [Uniformity | thane p, [n Vi, |than ey, [m JIn. [x 1074
Titantum Atley | 2 | He | 95| 70 " 76 | Harg | ves yos v | w T T Tyes T elsd Tealel 2y
(Ti-5A1-2.5 $n) 6 He ] 8 |y yus 7 70 e70e) | erled | 7.4
E., 3 ™ NGO, | N0, | e . g6 51 33(e) | 30(0) | 14
9 3 N.C N.?. - .- 49 45 34{8) | sfe) |18
. He | 144 ].z00] asted | 28(e)| no yu no tsle) | 79(e) sele) | siled | o
5 He N.O. NO, | - -- yos 7 64 aeled | sa{e) | 5.8
7 Hy NG, | MO ] e .- no 63 58 s7(¢) | sy(e) | 5.8
s Hz N.0, H.O, | e» .e yor 6 62 odls) | s5(8) | 23
219 W 3 He 25| 70 o) | 28(e)| yes yor yar asle) | 26(eY  yee - .- .
Ajuminum 10 He 37 M e no 40 3 s208) | 29le) § g2
‘ Hy 28 23 yus no » a sale) | safed | as
. [+ 30 a7 yos yos 3 T sufs) | aade) | 5.4
11 Hy 82 29 yos 32 » s2(e) | 30ie) | 1.6
7 He 144 | -200 40 3 ne yas 45 41 yos az{e) | as(e) | 0,3
' He 42 T no 43 » 1(e) 1 asle) | a9
] Ha 39 T ] yos w 3 40fe) | 36(e) | 5.8
12 H; 5 3 yes 35 33 sale) | 35(9) | e.5
OHHC i He %] 70 1] 10 no yes you no " 2 no 0 13 6.5
Copper 4 He T T yes no 19 17 16 15 5.4
) Hy 19 1? yos no 20 1 20 13 &5
» ] 17 15 n yos HH 19 0 18 61
5 " 144 |- 200 15 14 | yes you 29 L] 23(e) | aa(e 8.7
" He 19 17 | no yes 33 30 30 cg 27(s 6.8
? Hy 2) 1% | ma yes P 2 aeicl | oaals) | 6.2
] 3 15 1 | yes no no 19 17 you 1ler | arie) | oe.s
NOTES:
{¢) = specimen compliance, in./1b
Kig = plane atrain critical stress intensity factor or plans straln fracturs toughness
&a » gonditional value of fracture toughness from test data
KTH = plane strain thrashold fracturs toughness
N.0, = Net obtained
[ ]

uniaxial tensile yield strength of the ssterial
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TABLE 8, (CONCLUDED)
:
A . *m ——
| K Finsl Time tnder Mesty, ASTM
Load Requirenents
i
Nominsl ’ Nominal
Jsunlllcn B VW KL eeconds (;iwn) Crack  [Strens Less
1. | than Tys ™ m, 2 10°4 | Hours ya Uniformity | than fyy Test Description .
T yer 70(e MORED T yos no "
Y wte; s1le) | 7.4 |20 ¢
asfe) | 30(e) | 14 40 Crack arrest detarwined by backing off of losd
34is) use it a9
() 56(2) | sake) 3 o6q |17
sale) | sale) | &8 |16
57() | syfe) [ s.m |16
b ) el gossled | #
{e) - aa -
yee . - - . .- Specimen Failed During Loadin
s2(@) L oagle) | g2 |25.5 | mery. e yos ‘ ¢
sale) | auled | 23 .64 yos
sile) | z2afe) { 5.4 s
3z(e) | 30(e) | 5.6 |10
you aze) | s(e) | 0.3 |23
se{c) | asle 49 |1
4ofe) | 3a(c) [ 5.8 |16
sale) [ as(e) | &5 |1
no 20 ] | 6.5 18 no yeos no No crack growth; plastic deformation only
1% 15 5.4 15 No crack growth; plastic deforsation only
20 s 6.5 it ‘ No crack growth; plastic deformation only
19 6.1 17 ne
) e |67 |ams yos
30 =; 220 | 5.2 |19 no
26(8) | as(e) | 6.2 (12.3 yos
reu wlel faz0e) | a5 |18 ™
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of the stress intensity is between 0.55 and 2.7 MN/m2 J/m/sec (30 and 150 ksi
antymin). {2) the change from linearity of the load versus deflection curve
must be sufficiently sharp in the region between 0,8 and 1.0 of the 5-percent
secant offset, (3) the specimen thickness and crack length must be greater than
, 2.5 (KIC/GYSJ' and (4) the maximum deviation of the crack length must be within
' § percent of the average crack length and the crack length along the specimen
' edges cannot be shorter than 90 percent of the average crack length. Requirement
4 is designated as crack uniformity in Table 8 for the initial crack at Kic and
the final crack at Keinal

The stress intensities were calculated from the measured crack lengths except

when the cracks (initial or final) were not sufficiently uniform to meet ASTM

requirements. In those cases, the crack lengths as computed from compliance were
- considered more accurate and were used for the stress intensity calculations.

-

: No special effort was made to load the specimens at a rate within the range required
f for a KIC value; however, most of the tests in air and helium environments met this
. j requirement. On the other hand, the rate of loading in hydrogen was frequently very
slow so that the minimum stresses at which crack growth occurs would not be greatly
exceeded.

Inconel 718--1214, 991 -~ 894 K (1725, 1325 - 1150 F)
Heat Treatment Condition

Pop-in (sudden load decrease during loading) occurred in the air and helium environ-
ments during tests conducted at ambient temperature and at 144 K (-200 F) on Inconel
718 in the 1214, 991 - 894 K (1725, 1325 ~ 1150 F) heat treatment condition (A

condition, Table 5.) For the first specimen (Al, Table 8) tested in helium at 144 K

(=200 F), the crack extended nearly the entire length of the spscimen during pop-in : 4
and, consequently, the threshold stress intensity was not measured on this specimen. o A
For all subsequent tests at 144 K (-200 F), the specimen was loaded very slowly and

further loading was he'ted when sustained-load crack growth was indicated. Thus,
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only one KIC measurement was made at 144 K (~200 P), KI was 78 MN/m2 Vﬂf(?l ksi
vin.) at ambient temperature and 98 MN/m2 qﬁi-(SB ksl +in.) at 144 K (-200 F).

Sustained-~load crack growth was quite pronounced in both helium and hydrogen environ-
ments at ambient temperature and 144 K (=200 F)} in this material. The threshold
stress intensity in helium was 58 MN/m2 VM (53 ksi \/Tﬁ.) at ambient temperature
and 81 MN/m2 Vi (74 ksi vin.) at 144 K (-200 F). It is of interest that a speci-
men (A7, Table 8) tested in air at ambient temperature had about the same KIC value
as did specimens tested in helium, but Kpy in air was just slightly less than K,.

in air and significantly higher than Ken in helium, It would appear, therefore,

that air at ambient temperature and pressure inhibits sustained-load crack growth

of Inconel 718 in this heat treatment condition.

The ambient temperature threshold stress intensity in hydrogen of Inconel 718 in the
A heat treatment condition was very low. Initial tests conducted in hydrogen
resulted in complete fracture of the specimens although the maximum stress inten-
sities to which the specimens were loaded were comparatively low.

Two threshold values were obtained at ambient temperature in 34.5 MN/m2 (5000

psi) hydrogen. A threshold value of 22 MN/m2 \/E-(ZO ksi \/I—.) was obtained on
specimen AS (Table 8) by bracketing the load at which crack growth was noted rather
than by crack arrest. A subsequent test, specimen Al3 (Table 8) was loaded to

23 MN/m2 \/5-121 ksi \/I;:) and the crack extended most of the distance across

the specimen before the test was terminated at 14 MN/m2 \AE'(xs ksi \/T;:). The
crack had not completely arrested, but the crack growth rate at this point was

over an order of magnitude slower than occurred at stress intensities above 16.5
NWm2 \fnT (15 ksi \/ﬁ.} as determined from compliances. The final crack length
was very uniform and met ASTM's requirements but was quite long with a = 0,065 m
(2.257 in.) correspondng to s-- 0.885. Novak and Rolfe (Ref. 16) performed the
compliance calibration on this specimen to a-- 0.875, and at 5-- 0.87, the accuracy
of Bq. 8 is within 2 to 3 percent. Therefore, aithough the crack was slightly
longer than the calibration range, the stress intensity vilue obtained is con-
sidered reasonably accurate.
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The KTH value obtained by crack arrest is judged more accurate than the higher
one obtained by bracketing. Thus, the best estimate of Ky for Inconel 718 in |
the A heat treatment condition when exposed to 34.5 MN/m? (5000 psi) hydrogen ?
13 14 MN/m® /W (13 ksi /TR.). This is the lowest value of Ky obtained for any f
of the materials (including copper anu aluminum) tested in this program. In com-

parison, Lorenz (Ref. 9) obtained a Kp, value of 24 MN/me Vi (22 ksi /IRD) on

Inconel 718 plate in the same heat treatment condition when tested in 35.9 MN/m2

(5200 psi) hydrogen.

A test conducted at 144 X (-200 F) on specimen All (Table 8) indicates a lower
value of KTH of this material in hydrogen than obtained in helium at this temper-
ature. Crack growth was comparatively slow and it took 32 x 104 seconds (89 hours)
for the crack to arrest at 63 MN/m® /i (57 ksi /IR.). The duplicate test, speci-
men Al0 (Table 8), had to be aborted after 2.3 x 104 seconds (6.5 hours) because
of excessive pressure vessel leakage.

Gross yielding in front of the crack did not occur during any of the tests,

Inconel 718--1325, 1033 - 922 K (1925, 1400 - 1200 F)
Heat Treatment Condition

The fracture toughness (KIC) and threshold stress intensity (KTH) of Inconel 718

in the 1325, 1033 - 922 K (1925, 1400 - 1200 F) hcat treatment condition (C con-
dition, Table 5) was significantly higher than in the A condition, Pop-in occurred
during loading at or slightly above the S-percent secant intercept for the room-
temperature tests in helium. A pop-in type phenomenon also occurred at 144 K

(=200 F) in both hydrogen and helium environments, but only after significant sus-
tained load crack growth had occurred at a load slightly above the 5-percent secant
intercept load. The stress intensity was increasing as the crack extended under
constant load prior to the pop-in phenomenon, but the crack length immediately
before pop-in was not determined. Therefore, the maximum stress intensities could
not be obtained,

e e e S UV U OO o)

H-"-.




The Kic dats on thia material was very consistent and appeared to be basically
independent of temperature and environment, ch was about 121 MN/m2 gﬁ;-(llo ksi
JF.) At ambient temparatures and 144 X (-200 F). At room temperature, this stress
intensity was 11 MN/m2 gﬁ;-(lo ksi Jqﬁj) above the stress intenaity allowed by ASTM
criteria for this specimen thickness., Only one value, 110 MN/m2 ‘ﬁ;‘CIOO kai Jq;T)
was obtained in hydrogen at ambient temperature because of hydrogen-induced sustained-
load crack growth, The lower value in hydrogen compared to helium is probably tho
result of environmentally induced sustained-load c¢rack growth during loading.

The threshold stress intensity data in helium was extremely consistent, varying

within 1 MN/m2 ﬁ (1 ksi ,/K.) for the two tests craducted at room temperature
and within the same amount for the three tests conducted at 144 K (-200 ), KTH
at room temperature was 112 MN/m2 JGF}IO: ksi qﬁﬁﬁ) and at 144 K (-200 F) KTH “
was 139 My/m® m (126 ksi /In.).

Two Kp,, values were obtained in hydrogen at room temperature. A value of 55 MN/m2
,/'m_(so ksi »/i-;.) was obtained by bracketing, and 42 MN/m2 ﬁn_ (38 ksi ,/E_.) was
obtained later by crack arrest. The value obtained by crack arrest is deemed most
accurate. The average KTH of three tests conducted in hydrogen at 144 X (-200 F)
was 123 MN/m2 JG?(112 ksi vﬁ;:]. This is significantly below the value obtained
in helium, and because of the consistency of the KTH data, there is indication of
environmentally induced crack growth at this cryogenic temperature,

i
i
4
i
¥
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4

In Phase V, KTH measurements were performed on Inconel 718 specimens in the C heat
treatment condition exposed to 34.5 MN/m2 {5000 psi) hydrogen at 200 K (-100 F),
The results obtained in that phase indicate that the rate of crack growth decreases {
with decreasing temperature but KTH at 200 K (-10C F) was about the same as at
sambient temperature. Therefore, us is suggested in Phase V, the real value of KTH
at 144 K (-200 F) may be lower than 123 MN/m2 VM (112 ksi vﬁﬁ.). but the very
slow crack growth rate provented attainment of the true Koy Value.

Gross yielding in front of the crack did not occur during any of the tests,
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Inconel 625

There was considerable variation of K!C obtained from the ambient-temperature

teats on Inconel 625 specimens. The average fracture toughness war 84 MN/m2 /m

(76 kst /In.) in helium and 67 M¥/m? J/m (61 ksi /IN.) in hydrogen. The lower value
in hydrogen was due to suberitical crack growth during loading. Both values were
above 64 MN/m2 vim (58 kai v/In.), which is the maximum stress intensity that will
meet plane strain requirements for Inconel 625 with this specimen thickness,

Kio was essentially the same in hydrogen as in helium at 144 K (~200 F), the
average value for both environments was about 110 MN/m® Vi (100 ksi vIm.). This
value was also considerably above the allowable stress intensity for plane strain
for the specimen thickness.

Sustuined-load crack growth did not occur in the two Inconel 625 specimens tested
in helium at ambient temperature, but measurable crack growth was observed at 144 K
(~200 F) in both helium and hydrogen environments. True KTH values were not, how-
ever, obtained because the arrest stress intensity appeared to be only a function
of the maximum load rather than an intrinsic value. That is, crack arrest occurred
at higher stress intensities for those specimens loaded initially to the higher
values and vice versa.

At room temperature, a hydrogen embrittling phenomenon wus evident in ths two
Inconel 625 specimens tested in hydrogen at ambient temperature. Specimen No. 1
(Table 8) was held at 67 MN/m2 vm (56 ksi vIn.) for 6.1 x 10 seconds (17 hours)
without any crack extension, The specimen was then unloaded, exposed to cir, re-
placed in 34.5 MN/m2 (5000 psi) hydrogen and reloaded in increments up to a stress
intensity of 139 MN/m2 Ym (126 ksi vIn.). With each loading increment above ap-
proximately 88 MN/mé /@ (80 ksi vIW.) stress intensity, there was a small indica-
tion of erack extension, but significant crack growth did not occur even at the
highest stress intensity. Posttest examination showed crack branching at an angle
to the plane of the crack and, therefore, no meaningful crack arrest da“a were
obtained.
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Crack branching was not observed on specimen No, 7 (Table 8), also tested in ambi-
snt temperature hydrogen, Posttest examination showed measurable crack extension
with most of it occurring at the sides of the specimen rather than inside the
specimen. Preferred crack growth along the sides is very unusual and it repre-
sents a surface cracking-type phenomenon rather than normal erack growth,

From the results of the two tests conducted in hydrogen at ambient temperature,
hydrogen-induced crack growth followed by blunting and/or branching is indicated.

The stress exceeded the specimens yield strength at Keinal for most of the Inconel
625 specimens,

AISI 321 Stainless Steel

Plane strain conditions were not obtained with the AISI 321 stainless-steel speci-
mens at ambient temperature or 144 K (-200 F)} in either hydrogen or helium environ-
ments. To meet plane strain conditions, a considerably thicker specimen would be
required. Secondly, gross yielding in front of the crack occurred in five of the
eight specimens at the S5-percent secant intercept., Despite these two factors, an f
average KIC value of about 35 MN/m2 \AE'(sz ksi vq;:) was obtained for all of the |
conditions tested; this value may be reasonably close to the true plane strain frac-

ture toughness of this material,

e e

The results of the crack arrast experiments were similar to those for Inconel 625.
Incremental crack growth, followed by blunting, occurred when the specimens were
loaded above their apparent Kic value. Blunting was in the form of smooth rounding
of the crack front rather than branching as observed in Inconel 625,

Specimen No. 3 (Table 8) was tested twice in hydrogen at ambient temperature., In
the first test, the specimen was loaded to a stress intensity of 28 MN/m2 vﬁr

(25 ksi VG;:) and held for 5 x 103 seconds (1-1/2 hours)., There was an immediate
small indication of crack growth after reaching the maximum load, After the first
test, the specimen was exposed to air and then retested in hydrogen. The second
test consisted of loading in increments up to 111 MN/m® /i (101 ksi vIW.). Crack
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oxtension occurred after each loading increwent and the crack arrested each time
within a few minutes, although the Toads had not decreased to the previous arrest
values., Posttest examination showed that the specimen had deformed plastically
(over 0.005 m (0.2 in.) increase of crack opening displacement) and the crack front
appeared rounded. There was considerable surface cracking along the side grooves
;ust ahead of the precrack., The crack had extended 0,003 m (0.121 in.) during the
test and the sustained-load crack growth region was very smooth with an almost
polished appearance and contained no branching as observed on one of the Inconel
625 specimens tested in hydrogen. It was, therefore, evident that the crack ex-
tended a certain amount with each load increass and then blunted by rounding of
the crack front without secondary cracking or branching. This crack roundiiig is
the same as observed (Ref. 3) during metallographic examination of surface cracks
in AISI 321 stainless-steel tensile specimens tested in hydrogen.

Normal-type crack extension occurred during tests that were moderately loaded at
144 K (=200 F). The degres of sustained-load crack growth appeared essentially
proportional to the maximum stress intensity, and crack arrest occurred at about
the apparent KIC value. Incrementally loading a specimen (No, 4, Table 8) to a
very high stress intensity of 91 MN/m® /¥ (83 ksi /IW,) in helium at 144 K (-200
F) resulted in step-type crack extension with each load increase, but the load did
not decrease to the previous arrest value. Therefore, it 1s questionable whether
a true threshold stress intensity value was obtained on any of the tests on 321
stainless steel conducted at 144 K (-200 F). A conservative estimate of KTg at
144 K (-200 F) would be the somc as the apparent K;. value of about 33 MM/m vm
(30 ksi v/IT.). There appeared to be no hydrogen environment effect on crack ex-
tension at the cryogenic temparature.

A=-286 Stainless Steal

A-286 stainless stesl has the highest fracture toughness of the alloys tested in
this progran. In fact, it was necessai;' to extend the crack by fatigue an addi-
tional 0.0065 m (0,25 in.) to test the cpecimens because of the 13,300 N (30,000
pounds) limitation of the loading column. Valid K;. data were not obtained at
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oither ambient temperature or 144 K (-200 F) because of the high fracture toughness
and high stress required for crack extension. The average calculated ambient tem-
perature KQ value was 145 MN/mzvﬁi (132 ksi\/fﬁ.) in helium and 100 MN/mz\/ﬁ'tﬁl ksi
\/TE.) in hydrogen. It is not known whether this difference is due to a hydrogen
environment effect or from an unusually high scatter of the results, There was
somewhat leuss scatter of KQ at 144 K (=200 F), and the average values in hydrogen
and helium at 144 K (-200 F) were about the same as KQ obtained in helium at

ambient temperature,

The initial test (specimen No., 3, Table 8) conducted in hydrogen at ambient tempera-
ture showed no crack growth after being held for 6.8 x 104 gseconds (16 hours) at

120 MN/mz\/ﬁ'(IOQ ksi \AE;:). The stress during the hold period was about equal to
the yield strength of the specimen, Two tests conducted at about 165 MN/m2 v

(150 ksi\/fﬁ.) in ambienc-temperature helium also showed no crack extension; it was
believed that crack growth could not be developed in A-286 stainless steel.

Subsequently, two ambient-temperature hydrogen environmental tests were performed
in which the specimens were loaded to about the same values as were the specimens
tested in helium. Slow sustained-load crack growth occurred in both of these spec-
imens. An apparent crack arrest of 140 MN/m2 vm (127 ksi v/In.) was obtained in

specimen No. 5 (Table 8) after 33 x 104 seconds (91 hours) by backing off of the load.

A subsequent test (specimen No. 10, Table 8) showed that backing off of the load

can effect an apparent crack arrest, but crack growth reinitiates after a hold
period. Sustained-load crack extensicn continued on this specimen for 2.85 x 106
seconds (33 days), at which time the stress intensity had declined from 165 MN/m\/ﬁ-
(150 ksivIn.) to 113 MN/m2V/m (103 ksi/In.) with 0.012 m (0.475 in.) crack
extension., At this point, the specimen was unloaded in hydrogen to measure crack
length by complisnce and then reloaded to the same value without removing it from
the environment. No further crack growth was noted after 6.9 x 107 seconds (8 days).
The crack was still growing before unloading for compliance, and thus the unloading
and reloading evidently effected a change in crack extension (e.g., intergranular

to transgranular) sufficient to temporarily prevent further crack extension. There-
fore, the threshold stress intensity of A-286 stainless steel in hydrogen at ambi-
ent temperaturs was not established, but it is below 113 MN/m2v/m (103 keiv/In.).
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There is evidence that crack growth in A-286 in hydrogen requies gross yielding in
the environment becsuse a specimen loaded initially to a somewhat higher value than
the above stress intensity did not show crack extension, However, the hold period
may have been insufficient, The very slow crack extensiovn and high stress required
to start crack growth in hydrogen explains the apparent lack of embrittlement of
A-286 stainless steel when tensile or even low-cycle fatigue tested in high-pressure
hydrogen., It may be possible to obtain a true KTH stress intensity for A-286 in
ambient temperature hydrogen by extending the crack in hydrogen by fatigue, and

then loading the speciment to a stress intensity value below that at which gross
yielding occurs,

There was almost no measurable crack extension in the specimens tested in hydrogen
and helium environments at 144 K (-200 F) although the specimens were loaded to

about 198 MN/m2v/m (180 ksiVin.) stress intensity.

Ti-5A1-2.5 Sn ELI

Quantitative KIC and Korps fracture toughness data were obtained on Ti-5A1-2.5 Sn ELI,
Pop-in occurred at KQ at ambient temperature and at 144 K (-200 F) with practically
no deviation from linearity of the load-crack opening displacement record. The K;e
fracture toughness in helium was 79 MN/mZ\/E-(TZ ksi JGET:) at room temperature and
87 MN/m2 \ﬁ;'(79 ksi 4?;:) at 144 K (-200 F), The maximum stress intensities were
less than KIC for the tests conducted in hydrogen to minimize the crack extension
required for crack arrest,

The threshold stress intensity of Ti-S5A1-2.5 Sn ELI at ambient temperature in helium
was 69 MN/m2 4GT(63 ksi Jq;.). The threshold stress intensity at ambient temper-
ature in hydrogen was 34 MN/m2 vﬁf (31 ksi Jq;.]. Crack arrest was determined by
the bracketing method on specimen No., 3 (Table 8) and by crack arrest on specimen
No., 9 (Table 8) and virtually the same KTH value was obtained by both methods. This
value is higher than the threshold stress intensity of 24 MN/m? vm (21,5 ksi Jin))
obtained by Bixler (Ref. 20) for Ti-5A1-2,5 Sn ELI from measurements conducted at
smbient temperature in 9.6 l\iN/m2 (1400 psi) hydrogen.
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The hydrogen affected region of the fracture surface of specimens tested in hydro-
gen was very dark and in some regions almost black., This dark texture is usually
indicative of extensive secondary cracking.

The average threshold stress intensity at 144 K (-200 F) was 60 MN/m2 \/;~(55 ksi
\/Iﬁ.) in helium and 58 MN/m2 vm (53 kst Vin.) in hydrogen. Therefore, thers does
not appear to be a hydrogen envircnmental influence on K., for Ti-5A1-2.5 Sn CLI

at 144 K (-200 F).

The yield strength was not exceeded during any of the tests conducted on Ti-5Al-
2.5 Sn ELI specimens.

2219-T87 Al Alloy

Quantitative KIC and KTH fracture mechanics data were also obtained on 2219-T87
Al alloy at ambient temperature and at 144 K (-200 F). Pop-in occurred for all
of the tests at a stress intensity somewhat above K,. The average K. fracture
toughness at ambient tmperature was 33 MN/m? vm (30 ksi Vin.) in helium and

20 M\/n? /i (26 ksi Vin.) in hydrogen. At 144 K (-200 F), the average K,
values were 41 MN/m® VA (37 ksi Vin.) in helium and 37 MN/m® v (34 ksi Vin.)
in hydrogen.

The specimens were loaded to pop-in and the cracks allowed to arrest. The stress
intensities at crack arrest were about the same in both helium and hydrogen environ-
ments and on an average equal to KIC in helium regardless of environment., That is,
the average KTH values in helium and hydrogen were 32 to 33 MN/mz vﬁr(ZQ to 30

ksi Im.) at ambient temperature and 40 MN/m’ /m (36 ksi J/Tn.) at 144 K (-200 F)
There was, therefore, no indication of a hydrogen environmental effect on sustained-
load crack growth for 2219-T87 Al alloy.

The yield strength of 2219-T87 Al alloy was not exceeded during any of the tests
conducted on 2219-T87 Al alloy.
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QFHC Copper

Crack extension did not occur in the OFHC copper specimens tested at ambient tem-
perature in helium and hydrogen environments. Loading above the S-percent secant
intercept caused arm bending without crack extension for the specimens tested in
both environments, The stress intensities computed at the f{-percent secant inter-
cept were not valid K!C values because the.specimens were not sufficiently thick,
but more important, because there was no measurable crack extension. They do,
however, represent the stress intensities above which there is gross plastic
deformation at the crack front. This is confirmed by calculation of the stress
by means of Bq. 7 which showed that the stress at 5-percent secant intercept

corresponded to about 117 MN/m2 (17 ksi), which 1s the yield strength of copper
at ambient temperature.

A small amount of crack extension did occur during the 144 K (-200 F) tests con-
ducted in both environments. The 5-percent secant intercept stress intensity was
2 2
18 to 19 MV/m° VM (16 to 17 ksi Vin.). This was slightly above the 17 M/m° vn
(15 ksi \/in.) maximum stress intensity allowed for plane strain conditions in
0,0254 m (1.0 in.) thick copper specimens at this temperature. The yield stress
was not exceeded and, although ASTM requirements were not completely met, the KQ
values obtained should be close to actual KIC values,

Three of the four specimens yielded between KIC and the maximum stress intensity.
Although there was some load decrease after reaching the maximum load, compliance
indicated very little crack extension. Therefore, the load dropoff appeared due
to creep-type relaxation phenomenon rather than to crack extension. At any rate,
the final stress intensity was more indicative of the maximum stress intensity

than it was of an intrinsic KTH value and Ky, of copper at 144 K (-200 F) was,
therefore, not obtained.

R
a

BT




FREE A

g

SRR e

PRI i 7 B e

}‘
a;
!

Sustained-Load Crack Propagation in Hydrogen

Hydrogen-induced, sustained-load crack propagation resulted from exposure to 34.5
MN/m2 (5000 psi) hydrogen for Inconel 718 in both heat treatment conditions at
ambient and 144 X (-200 F), and for Ti-5A1-2.5 Sn EL] and A-286 stainless steel
at ambisnt temperature. Crack growth followed by blunting occurred with each
loading increment in AISI 321 stainless steel and in Inconel 625 when tested in
hydrogen at ambient temperature.

Except for A-286 stainless steel, these results are consistent with the influence
of hydrogen on the tensile properties of these metals. Embrittlement of tensile
specimens involves crack initiation followed by sustained-load crack growth, while
in the precracked WOL specimens, embrittliement is strictly environment enhanced
crack growth. For the most severely embrittled metals, very little plastic strain
is needed for surface crack initiation, and crack growth continues in a straight
line until failure. Sustained-load crack extension without any form of blunting
certainly occurred in the Inconel 718 and Ti-S5A1-2.5 Sn ELI specimens tested in
hydrogen.

Hydrogen-induced crack growth also occurred at 144 K (-200 F) in Inconel 718, par-
ticularly in the 1214, 991 - 894 K (1725, 1325 - 1150 F) heat treatment condition.

The main effect of decreasing temperature was an extremely large reduction of crack

growth rate for a given stress intensity or for a given relative stress intensity
(K/Kpy) -

Sustained-load crack growth of A-286 stainless steel initiated at stresses above

the materials yield strength cad crack propagation was very slow. Hydrogen-induced

crack growth in this material would not have been predicted from tensile test data,
but is not in conflict with the tensile results. Hydrogen-induced surface crack
initiation in A-286 stainless steel tensile specimens evidently requires consider-
able plastic deformation. Once a crack has initiated, there is very little time
remaining for crack growth before the ultimate strength has been reached. The
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very slow sustained-load crack growth of A-286 in hydrogen would preclude any
significant reduction of tensile properties. The same reasoning can he used to
predict very little embrittlement of smooth specimens subjected to low-cycle
fatigue in hydrogen, At elevated temperatures, the tensile and low-cycle fatigue
properties of A-286 stainless steel would be predicted to be affected by a high-
pressure hydrogen environment because of increasing crack growth kinetics. In
this 1ight, Harris and Van Wanderham (Ref. 21) have shown a reduction of stress
rupture strength and low-cycle fatigue strength of A-286 stainless steel from
exposure to 34.5 MN/m2 (5000 psi) hydrogen at 950 K (1250 F).

An important aspect of embrittlement of A-286 is that it is a stable austenitic
stainless steel. Therefore, the lack of hydrogen-environment embrittlement ob-
served until now in austenitic stainless steel is not evidently an intrinsic
proparty of these steels, but instead is probably a matter of crack growth kinetics
and possibly crack blunting by the ductile austenite structure.

Questions still unanswered from the tests on A-286 are whether: (1) gross yielding
is necessary for hydrogen environment-induced, sustained-load crack growth of this
material; and (2) hydrogen-induced crack extension will occur in plane strain as
well as wnixed mode fracture.

The AISI 321 stainless steel and Inconel 625 specimens showed hydrogen-induced,
sustained-load crack growth but blunting followed each increment of crack growth.
Blunting was in the form of rounding of the crack in AISI 321 stainless steel.
Brittle crack initiation probably occurred in the strain-induced martensite followed
by blunting in the austenite matrix.

Blunting of cracks in the Inconel 625 specimens was traced to crack branching in

one of the specimens tested. For the other specimen, cruck extension was consider- :
ably greater along the sides of the specimen instead of in the plane strain region 3
in the middle, as observed for all of the other materials tested in hydrogen.

Crack growth along the sides suggests crack nucleation in the side grooves as the

result of plastic strain, but this was followed by crack blunting either by round-

ing of the crack front or microscopic branching as the crack extended.
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Crack growth in OFHC copper and 2219-T87 Al alloy was not influenced by the hydrogen
environment. Crack extension without blunting occurred in hydrogen and helium at d
ambient and 144 X (-200 F) in 2219-T87 Al alloy but there was no indication of ;
greater crack growth in hydrogen.

BRI

Arm bending, rather than crack growth, occurred exclusively in OFHC copper speci-
ments tested at ambient temperature, There was a small amount of crack growth in
OFHC copper at 144 K (-200 F), but this was also accompanied by considerable plastic
deformation,

PHASE II1. ACOUSTIC EMISSION MONITORING OF
CRACK GROWTH IN HYDROGEN

This phase consisted of developing a method for monitoring hydrogen=-induced sub-
eritical, sustained-load crack growth., An accelerometer was attached to the ram
(Fig. 8) outside the pressure vessel during several of the Phase II threshold

stress intensity measurements.

P

In general, satisfactory correlation was cbtained between the rate of acoustic N
emissions and the rate of load change. One very important finding emerged from
the acoustic emission data: crack growth in Ti-5A1-2.5 Sn ELI, 2219-T87 Al alloy,
and A-286 stainless steel (all exposed to hydrogen) proceeded discontinuously.

e

None of the helium tests was monitored acoustically. Figure 14 shows a simul-
taneous plot of acoustic emission (cumulative count)/applied load versus elapsed
time for the first of two KTH tests conducted on A-286 stainless steel. As evident
in Fig. 141 seven discrete crack growth increments were observed during the first
2.376 x 10° seconds (66 hours). A tendency for the rate of crack growth to decrease

as the crack continues to grow i entally is also apparent., (A faster counting

rate i3 assumed to reflect a faster crack growth rate. The constant counting rates !
obtained between crack growth increments are assumed to be background rates.) Not

enough load data were recorded to evaluste the correlation between acoustic emission

and 1osd in more detail. The A-286 stainless steel was the only material to be

monitored in more than one test. The reproducibility of results could not be eval-

uated owing to amplifier problems in the second test, . ‘
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PHASE IV, VARIATION OF HYDROGEN-ENVIRONMENT EMBRITTLEMENT
OF INCONEL 718 WITH MATERIAL CONDITION

Tensile Tests of Notched Inconel 718 Specimens

Tensile tests were performed on notched Inconel 718 specimens fabricated from the
three forms, rolled bar, forging, and plate, shown in Table 1. Notched specimens
were also fabricated from a weldment made in the Inconel 718 plate with the notches
located in the weld and in the weld heat affected zone (HAZ). Each of these five
material conditions were tested in the A, B, and C heat treatment conditions listed
in Table 5. The three material forms were also tested in the heat treatment E con-
dition, which consisted of a 1287 K (1875 F) anneal for 600 seconds (10 minutes)
followed by the standard 1033 - 922 K (1400 - 1200 F) ags. The annealing treat-
ment was selected as being sufficient to place the NiSCb phase into solution, but
sufficiently short to prevent significant grain growth, Thus, heat treatment E
differs from C in that the annealing trestment in E was performed at a lower tem-
perature and shorter time duration, In addition, specimens were tested in the

1297 X (1875 F) annealed condition (D) without subsequent aging.

The specimens were tested in 34.5 MN/m2 (5000 psi) hydrogen and in 34.5 MN/m2
(5000 psi) helium at ambient temperature. Table 11 contains the average test
results and the individual specimen data are presented in Appendix C.

Consider first the results of the specimens without welds in the A, B, and C heat
treatment conditions. The least hydrogen environment embrittlement, i.e., the

highest NﬂleHe ratio (0.86), occurred with the A and B heat treatments of the plate.

On the other hand, the greatest embrittlement (NﬂleHe = (0,54 to 0.39) resulted from
the A heat treatment of the rolled bar and forging and the B heat treatment of the
forging. Intermediate embrittlement (NHszH, a 0,70 to 0.77) resulted from the C
heat treatment of all three starting materials and from the B heat treatment of

the roiled bar, Of the three heat treatments, the C heat treatment gave the most
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TABLE 11, EFFECT OF 34.5 l*‘lN/m2 (5000 PSI) HYDROGEN AT ROOM TEMPERATURE
ON THE AVERAGE PROPERTIES OF NOTCHED SPECIMENS OF
INCONEL 718 IN VARICUS CONDITIONS

Notched Fraperties
Treﬂzaznt sgf'ﬂllh... NH /N". R:%“R::ﬁ"
Condition Material Environment | MN/m kai 2 Percent
Rolled Bar He 1950 283 e 2.4
H2 1050 152 0.54 0.9
Forging e 2000 00 -- 3.0
A I, 1170 | 170 0.59 1.1
Plate He 1980 287 - 3.0
H2 1700 246 0.86 2.0
Plate, Weld Metal He 1420 206 wn 1.4
H2 1120 163 0.79 1.0
Plate, Weld HAZ He 1830 265 -- 1.8
"2 1160 168 0.63 0.7
Rolled Bar He 1650 | 240 -- 2.9
H2 1160 168 0.70 1.8
Forging He 1740 253 .- 2.2
H2 90 144 0.57 1.2
a Plate He 1730 251 ne 2.7
H2 1500 217 0.86 2.1
Plate, Weld Metal He 1240 180 “n 2.1
H2 965 140 0,78 0.6
Plate, Weld HAZ He 1390 202 -n 1.4
H2 1050 152 0.75 1.1
Rolied Bar He 2220 3 - 5.0
H2 15890 230 0.71 1.7
Forging He 2340 339 -- 4.6
"2 1780 258 0.7 1.8
Plate 1 2210 3N - 3.7
¢ Hy 1700 | 247 | 0.77 2.3
Plate, Weld Metal He 1850 268 -n 2.6
H2 1040 151 0.56 0.8
Plate, Weld HAZ He 2080 301 == 1.8
H2 1500 217 0,72 1.1
Rolled Bar He 1120 163 .- 13.6
b H, g0 | 136 | o.83 9.0
Rolled Bar He 2200 | 319 - 2.0 ]
H2 1560 22 0.7 1.9
E Forging Ha 2220 322 -e 3.5
H, 1550 225 0.70 1.4
Plate He 2200 319 n 4,2
H, 1650 239 0.7% 2.7
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consistent results with N“z/NHo being 0.71, 0.76, and 0,77 for the rolled bar,
forging, and plate, respectively, Of the three forms of material (i.e,, rolled
bar, forging, and plate), the piate had the lowest and most consistent hvdrogen-
environment embrittlement for the three heat treatment conditions,

Although the least embrittlement occurred with the plate with the A heat treatment,
the notched strength in hydrogen was the same for the plate with the C heat treat-

ment as for the plate with the A heat treatment, The lower Nu,_,/NHe ratio with the

C heat treatment resulted from the higher notched strength in helium. In fact, for
all three forms (rolled bar, forging, and plate), the C heat treatment resulted in

the highest notch strength both in helium and hydrogen.

The results of tests on the rolled bar, forging, and plate in the E heat treatment
condition indicate abcut the same degree of embrittlement as occurred on these
materials when in the ¢ heat treatment condition. Thus, the expected reduced grain
size of the E heat treatment compared to the C heat treatment did not result in
lower embrittlement. The microstructural aspects of hydrogen environment embrit-
tlement of Inconel 718 will be discussed in the Metallography section.

The test results on the rolled bar in the annealed condition (D) showed compara-
tively less embrittlement. The notched strength was decreased 17 percent and the
notch ductility was decreased from 13.6 to 9.0 percent reduction area due to the
34.5 MN/m2 (5000 psi) hydrogen embrittlement. This low embrittlement ranks annealed
Inconel 718 among the lesser embrittled (Ref. 4) of iron- and nickel-base alloys,

The investigation of the hydrogen-environment embrittlement of Inconel 718 welds

was made only with the plate which, as it turned out, was the least embrittlsd of
the forms tested. The welds were tested only in the heat-treated after-welding
condition. For all three heat treatments, the notch strength in both helium and
hydrogen was lower for the weld metal and the heat-affected zone than for the parent
metal.
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Also, in all canes, the degree of hydrogen~environment embrittlement was greater
for the weld metal and heat-affected zone than for the parent metal. The weld metal
and the heat-affected zone with the B heat treatment were embrittled by hydrogen

to about the same degree. For the A heat treatment, the heat-affected zone wes
more embrittied by hydrogen than was the weld metal while the reverse was true for
the C heat treatment. The moat aevere hydrogen~-environment embrittlement in weld
specimens was for weld metal with the C heat treatment. As with the parent metal,
the notch strength in helium of both the weld metal and heat-affected zone was
higher with the C heat treatment than with the other two heat treatments, lowever,
the degree of hydrogen-environment embrittlement of the weld metal was large encugh
for the C hea  treatment that the notch strength in hydrogen was somewhat lower
with that heat <reatment than with the A heut treatment.

Metallography of Inconel 718

Optical and electron microscopy was performed on specimens of the Inconel 718 bar,
forging, and plates in the five heat treatment conditions. Photomicrographs of
Inconel 718 in the 1228 K (1750 F) annealed, as-received condition are shown for
the rolled bar in Fig. 15 and for the forging and plate in Fig. l6. Since the
microstructures of longitudinal and transverse sections of the plate and forging
were the same for this and subsequent heat treatments, only the transverse section
photomicrographs are shown for these materials. There were considerable difference
among the as-received grain structure resulting from the three processing methods.
The structure of the rolled bar was duplex with the larger grains elongated in the
rolling direction. The grain sizes of the forging and plate were relatively uni-
form. The grain size of the forging was relatively large (ASTM 4-1/2), The plate
was fine grained (ASTM 10),

Photomicrographs of bar, forging, and plate specimens with the A heat treatment
are shown in Fig. 17 and with the B heat treatment in Fig, 18 and 19, The micro-
structures resulting from these heat treatments appear virtually the same as those
for the 1228 K (1750 F) snnealed, as-received condition.
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Transverse Cross Section

Figure 15, Photomicrographs of Inconel 718 Rolled Bar
in the 1228 K (1750 F) Solution Annealed :
As-Received Condition. Etchant: 92 HC1,

3 HNDS. 1/2 }12804
1

" . |




200x

200x
Plate

Figure 16, Photomicrographs of Transverse Sections of Inconel 7i8
Forging and Plate in 1228 K (1750 F) Solution Annealed,
As-Received Condition. Etchant: 92 HC1, 3 HNOS. 1/21[2804
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200x
Transverse Cross Section

200x

Longitudinal Cross Section
Figure 18. Photomicrographs of Inconel 718 Rolled Bar in the

B Heat Treatment Condition. Etchant: 92 HCI,
3 HNO 4. 1/2 sto4
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Plate

Figuroc 19. Photomicrographs of Transverse Sections of Inconel 718
Forging and Plate in the B Heat Treatment Condition.
Etchant: 92 HC1, 3 HNO4, 1/2 Hsso4
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Figure 20 shows photomicrographs of Inconel 718 bar, forging, and plate in the C
heat treatment condition., Recrystallization and grain growth occurred during the
heat treatment, and the microstructural appearance, including grain size, were the
same for all three forms,

Electron micrographs of the bar, forging, and plate are shown in Fig. 21 for the
1228 K (1750 F) anncaled, as-received condition; in Fig. 22 for the A heat treat-
ment condition; in Fig. 23 for the B heat treatment condition; and in Fig. 24 for
the C heat treatment condition. All of the electron micrographs are of t.ansverse
sections,

A second phase is evident in the 1228 X (1750 F) anneal, as-received condition,
and this phase appears essentially unchanged in amount and appearance when the
rolled bar, forging, and plate were subsequently given the A heat treatment. This
phase(s) is believed to be either the A,B Laves phase or the orthorhombic Ni,ib
phase with the latter believed to be most likely.

The work of Eiselstein (Ref. 22) provides indirect evidence that the unidentified
phase may be the Laves phase. Eiselstein developed a phase diagram that indicates
that the Laves phase is stable for the S-percent Cb + Ta composition in Inconel 718
at temperatures below 1310 K (1900 F), and will go into solution above that tempera-
ture. He developed a TTT diagram for Inconel 718, which was annealed at 1422 K
(2100 F) for 3.6 ksec (1 hour) and water quenched, which indiated that the Laves
phase would form after a 3.6 ksec (1-hour) aging treatment at 1200 to 1255 K

(1700 to 1800 F), but that the NiSCb phase would begin to form only after 18 ksec

(5 hours) at 1200 to 1255 K (1700 to 1800 F). Eiselstein also presented a TTT
diagram for Inconel 718, which was solution annealed at 1200 K (1700 F) for 7.2
ksec (2 hours), which indicates that the Niscb phase would begin to form only

after 18 ksec (5 hours) to 36 ksec (10 hours) at temperaturss between 1089 and

1172 K (1500 and 1650 F) and does not form in 36 ksec (10 hours) at 1200 K (1700 F}.
Unfortunately, lLaves phase formation was not included in this TTT diagram. There

is no indication from these two TTT diagrams that the NiSCb phase would form during
the 1228 K (1750 F), 3.6 ksec (l-hour) anneal given the as-received Inconel 718 in
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Figure 21.

Rolled
Bar

Forging

Plate

Electron Micrographs of Inconel 718 in the 1228 K (1750 F)
Annealed, As-Received Condition. Etcaant: 92 HC1,
3 HNOs. 1/2 sto4 (3000 X)
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Rolled
Bar
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Forging

| |

?h Plate i

:
] f' -Figuro 22, Blectron Micrographs of Inconel 718 in the A Heat Treatment i
E K Condition. Etchant: 92 HC1, 3 HNOS, 172 HZSO‘ (3000X)
¢
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Rolled
Bar

Forging

Figure 23, Electron Micrographs of Inconel 718 in the B Heat Treatment
Condition. Etchants: 92 HC1, 3 HNOS. 1/2 sto4 (3000X)
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Figure 24. Electron Micrographs of Inconel 718 in the C Heat Treatment
Condition., Btchant: 92 HC1, 3 HNO,, 1/2 H,80,
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this program, but thers is some indication that the Lavea phase would form during
this anneal. Finally, Biselstein indicated that the Laves phasse appears as a flat,
irregular precipitate while the Ni(Cb phase typically appears as a needle-shaped
precipitate in a Widminstatten pattern,

Evidence that the second phase in Fig. 21 and 22 is Niscb comes from Muzyka and
Maniar (Ref. 23), They annealed Inconei 718 for 3,6 ksec (1 hour) at various tem-
peratures between 1214 and 1283 K (1725 and 1850 F) followed by a 991-894 X
(1325-1150 F) aging treatment. The resulting microstructures appears similar
those shown in Fig. 21 and 22, Muzyka and Maniar used selected area elec’ron
diffraction and identified a precipitate similar to the one in Fig. 21 and 22 as
being NiSCb. They made no mention of the Laves phase; it is presumed that the

Laves phase was not present or was there to a much smaller extent than the NiSCb
phase,

The phase in question is assumed to be the orthorhomic N13Cb phase, and it will
be so identified for the remsinder of the discussion.

Examination of Fig. 21 and 22 shows that the N13Cb was somewhat discontinuous in
the rolled bar, nearly continuous in the forging, and is dispersed in the plate.
Thus, the as-received condition o1 c¢he: (1) rolled bar is duplex with somewhat
discontinuous NiSCb. (2) forging is large grained with nearly continuous NiSCb,
and (3) plate is fine grained with discontinuous N13Cbu

During the 991-894 K (1325-1150 F) aging treatment, coherent precipates of '

and Y" form throughout the structure and are not resoclved at the magnifications
used. Thus, the microstructures appear about the same in the A condition as in the
1228 K (1750 F) annealed, as-received condition.

Figure 23 shows the electron microscopy of the bar, forging, and plate in the B
heat treatment condition, Overaging caused coarsening and loss of coherency of the
y' and ¥" precipitates, and these phases are resolved in the electron micrographs
shown in Fig, 23, Coarsening of the NiSCb phase in all three electron micrographs
is also evident.
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Figure 24 show: the electron micrographs for the C heat treatment condition,
Recrystallization, grain growth, and dissolution occurred during the heat treat-
ment, and the resulting microstructures of the bar, forging, and plate are all
virtually the same, Figure 24 shows that the Niscb went into solution during

the 1325 K (1925 F) solution snneal. A thin, intergranular, carbide film together
with isolated carbide particles formed during the heat treatment.

Solution of the NiSCb phase is consistent with Muzyka and Maniar (Ref. 23) who
showed that the phase they identified as N13Cb disappeared completely during a
1311 K (1900 F) anneal. Both Muzvka and Maniar (Ref. 24) and Eiselstein (Ref. 23)
showed that & carbide film formed during solution annealing at 1311 K (1900 F) and
at 978-1089 K (1300-1500 F), On the other hand, Eisenstein showecd that the car-
bide £film would not form during aging after a 1200 K (1700 F) solution anneal.

The electron microscopy of Inconel 718 in the 1297 X (1875 F) annealed condition
(heat treatment D) and in the 1297 K (1875 F) annealed and aged condition (heat
treatment E) is shown in Fig. 25 through 28, Figures 25 and 26 show the metal-
lography of the rolled bar in the D and E heat treatment conditions, respectively.
The annealing treatment was sufficient to recrystallize the material and place
the NiSCb phase into solution. Carbide particles were cbserved in the electron
micrographs.

Figures 27 and 28 show the microstructures of the Inconel 718, 0.038 m (1-1/2 in.)
forging and 0.013 m (1/2 in.) plate in the 1297, 1033~922 K (1875, 1400-1200 F)
condition. There was & small amount of the Ni,Cb phase present in the forging and
& trace of N13Cb present in the plate. Comparison of Fig, 25 through 28 with Fig.
20 indicates that finer grain size resulted from the 1297 K (1875 F) 600 seconds
(10 minutes) anneal than was obtained from the 1325 K (1925 F) 1200 seconds (20
minutes) anneal.

The microstructures of the weld and heat affected zones of the Inconel 718 plate
weldments are shown in Fig, 29 for the A heat treatment condition, in Fig. 30 for

the B heat traatment, and in Fig, 31 for the C heat treatment condition. A dendritic,
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200 1000x
TRANSVERSE CROSS SECTION

200x

LONGITUDINAL CROSS SECTION

Figure 25, Optical and Electron Micrographs of Inconel 718 Rolled Bar
in the 1297 K (1875 F) Solution Annealed Condition
(Heat Treatment D). Etchant: 92 HC1, 3 HNO, 1/2 H,SO,
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Lgure 26,

200x
TRANSVERSE CROSS SECTION

200x
LONG I TUDINAL CROSS SECTICON

Optical and Electron Micrographs ol liwconel 718 Roiled Bar
in the E Heat Treatment Condition., Etchant: 92 HC1,
3 HNO,4, 1/2 H,S0,
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200x 3000x
TRANSVERSE CROSS SECTION

LONGITUDINAL CROSS SECTION

Figure 27. Optical and Electron Micrographs of Inconel 718 Forging
in the E Heat Treatment Condition. Etchant: 92 HC1, 4
3 HNOS, 1/2&12804 '
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TRANSVERSE CROSS SECTION

200x

LONGITUDINAL CROSS SECTION

Figure 28. Optical and Electron Micrographs of Inconel 718 Plate
in the E Heat Treatment Condition, Etchant: 92 HC1,

3 HNOy4, 1/2 H,50,




200x 2000x
Heat Affected Zone

200x 3000:
Weld Metal

Figure 29. Optical and Electron Micrographs of Welded Inconel 718
Plate in the A Heat Treatment Condition. Etchant: 92 HCl,

3 HNO,, 1/2 H2804
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200x 3000x
Heat-Affected Zone

200x 3000x
Weld Metal
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Figure 30, Optical and Electron Micrographs of Welded Inconel 718

Piate in the B Heat Treatment Condition. Etchant: 92 HC1, 3




200x 3000x
Heat-Affected Zone

200x 3000x

weld Metal

Figure 31, Optical and Electron Micrographs of Welded Inconel 718
Plate in the C Heat Treatment Condition. Etchant: 92 HC1,
3 HNOs. 172 sto4 '
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cored structure is svident in the weld when in the A and B heat treatment conditions.
The microstructures of the weld in the C heat treatment condition appears similar

to that for the parent metal but with somewhat smaller grain size and remnants of
dendritic segregation,

The electron micrographs of the weld metal with the A and B heat treatments show

an almost continuous array of the phase assumed to be NiSCb. This phase can also
be seen in the electron micrographs of the heat-affected zone of specimens with
these same heat treatments and it is coarser and more continuous than in the parent

metal, The heat-affected zone also contained NiSCb needles in the typical Widmidnstatten
pattern.

Electron micrographs of parent metal, weld metal, and heat-affected zone all appear
similar for weld specimens with the C heat treatment. Intergranular carbide films
and isolated carbide particles can be seen.

Electron fractography examination was performed on Inconel 718 WOL specimens tested
in high-pressure hydrogen environments in Phases II and V. The results of this
examination are given in this section rather than in the Phase II and V sections
because of their pertinence to the extensive microscopy in this section.

Figure 32 shows the fracture of an Inconel 718 WOL specimen tested in the A heat
treatment condition. The fracture is complex but it is evident that the primary
failure mode is transgranular cleavage. A small percentage of the fracture appears
to be intergranular cleavage and some secondary cracking is present, which also
appears to be intergranular. Large cleavage facets such as that shown in the lower
right fractograph in Pig. 32 were shown to have higher than average bulk concentra-
tions of columbium by energy dispersive X-ray analysis. The high concentration of
columbium suggests that theso areas are N15Cb.

The fractography of an Inconel 718 WOL specimen tested in hydrogen in the F heat
treat condition is shown in Fig. 33. This fracture is completely intergranular
with virtuslly no indication of ductility. The F heat treatment is the same as

the C heat treatment except that the solution anneal was extended for a longer
period to develop & larger grain size (ASTM 3-1/2) in order to simulate the grain
size expected in the SSME Inconel 718 forgings.
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Figure 32. Scanning Electron Fractography of Inconel 718 WOL

Specimen Tested in 34,5 MN/m2 (5000 psi)} Hydrogen
in the A Heat Treatment Condition
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Figure 33, Scanning Electron Fnetogrnpg of an inconel 718 WOL
Specimen Tested in 68.9 MN/ms (10,000 psi) Hydrogen
in the F Heat Treatment Condition’

The characteristic differences, discussed above, among the microstructures of the
Inconel 718 rolled bar, forging, and plate with the various heat treatments can

be related, at least qualitatively, to the degree of embrittlement by the high-
pressure hydrogen environment. The least embrittled microstructure (i.e., the
plate with the A Leat treatment) was fine grained with discontinuous particles

of the phase tentatively identified as NiSCb. The most embrittled microstructure
{i.e., the rolled bar and forging with the A heat treatment) was either relatively
large grained or a duplex structure of small and large grains with, in both cases,
semicontinuous mainly intergranular NiSCb in the structure. Electron fractography
examination alsc suggests that the fracture in hydrogen largely follows the NiSCb
phase,

The C heat treatment resulted in a large grain size, the elimination of NiSCb, the
presence of carbide particles and intermetallic fiims and intermediate embrittle-
ment for the rolled bar, the forging, and the piate. The B overaging heat treatment
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coarsened the Niscb and the age hardening precipitate but did not significantly
change embrittiement from that for the A heat treatment. This lack of sensitivity
of embrittlement to overaging indicates that the degree of hydrogen-environment
embrittlement is not strongly influenced by the age hardening precipitate size,
morphology, or coherency.

It thus appears that the least embrittled microstructure is one that is fine
grained with dispersed Niscb. A fine-grained structure can be achieved only by
severe working of the ingot and is not always feasible in large forgings. It

is not clear which is the most important, dispersed NiSCb or fine grain size.
Removal of the N13Cb phase by the C heat treatment decreased embrittlement of
the relatively large grained material. Increasing the grain size while removing
the Niscb phase increased embrittlement of the fine-grained material, It could,
therefore, be postulated that the optimum heat treatment may be the lowest time-
temperature anneal to place the NiSCb into sclution and avoid grain growth.

On this basis, specimens were solution annealed at 1297 K (1875 F) for 600 seconds
(10 minutes) followed by the standard 1033-922 K (1400-1200 F) aging treatment

(heat treatment E)., Table 12 sumarizes the results of the metallography exam-
ination and tensile properties of these three Inconel 718 forms when in the C

and E heat treatment conditions, Grain size comparison with the 1325 KX (1925 F)
1200-second (20 minutes) annealed and aged specimens shows that grain growth was
certainly minimized by the 1287 K (1875 F) 600-second (10 minutes) anneal, As
indicated above, the 1297 K (1875 F) 600-second (10 minutes) anneal was not success-
ful for complete elimination of NiSCb in the forging and plate.

Examination of the results in Table 12 indicates that the finer grain size resulting
from E heat treatment had little or no effect on the hydrogen-environment embrittle-
ment., For the forging material, the slightly greater hydrogen-environment embrit-
tiement with the E heat treatment may have been caused by the presence of Niscb.

The results of this study suggest that the benefit of fine-grain size for the

0.013 m (1/2 in.) plate in the A condition occurred because of the comparatively
very fine-grain size of this material,
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PHASE V., FRACTURE CHARACTERISTICS OF INCONEL 718
g ? IN HYDROGEN AS A FUNCTION OF TEST VARIABLLY

L e T T T

The effect of temperature and hydrogen pressure on the fracture mechanics proper-
ties of Inconel 718 were determined with the following measurements: (1) K,. and
Kpy #¢ ambient temperaturo in 0,008 MN/m® (10 pai) and 68 MN/m? (10,000 psi)
hydrogen and KTH at 200 K (~100 PY in 34.5 MN/m2 (5000 psi) hydrogen, and (2)

/ '; cyclic load crack growth rats as & function of stress intensity (da/dN versus K,.)
at ambient temperature in 0.069 MN/m? (10 psi), 34.5 M¥/n’ (S000 psi) and 63.9
MN/m2 (10,000 psi) hydrogen and in 34.5 MN/m2 (5000 psi) helium environments and

at 200 K (-100 F) in 34.5 MN/m2 (5000 psi) hydrogen. The ambient-temperature K,.
and Kp,, measurements were performed on compact tension specimens (Fig. 2}, The
ambient-temperature cyclic crack growth measurements were performed on TDCB spec-
imens (Fig. 4). The cryogenic-temperature Kp, and cyclic crack growth measurements
r ; were performed on WOL specimens (Fig. 3). The specimens were all fabricated from

‘ the 0.041 m (1-5/8 in.) Inconel 718 forging (Table 1) and were in the F heat treat-
ment condition.

The resul:s of the ambient-temperature KIC and KTH measurements aie tabulated in
Table 13, The ASTM KIC (Ref, 14) requirements were not met for these tests be-
cause K . was >1.1 K. The very high valus of 222 MN/m2 vin (202 ksi /IN.) obtained
: at K. on specimen No. T2 was due to crack branching immediately at onset of
crack growth in the 68 MN/m2 (10,000 psi) hydrogen environuent. The average value,
L 108 Mn/n? v (94 ksl VIRD), of K, obtained in 69 MN/m? (10,000 psi) hydrogen was

; ahqut the same as the 110 MN/m2 (100 ksi vIf.) value obtained in Phase II in

: 34,5 MN/m2 (5000 psi) hydrogen. The values of KQ obtained in 0,069 MN/m2 (10 psi)
hydrogen were, however, greater than the value of Kq, 119 MN/m? v (108 ksi vIn.),
obtained in 34.5 MN/m2 (5000 psi) helium. The small side groove in the WOL speci-
mens used in the Phase II tests may account for the lower stress intensity value

\ at KQ‘
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TABLE 13,

RESULTS OF AMBIENT TEMPERATURE FRACTHRI
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AMBIENT TEMPERATURE FRACTURE MECHANICS MEASUPHMENTS
INEL 718 COMPACT TENSION SPECIMENS
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After the maximum "failure' load (see page 14) was reached, each specimen was held

— fi under COD control and the crack allowed to propagate until the crack arrested at
N KTH' Crack growth was very rapid during the sustained-load part of the tests con-
- ducted in 69 MN/m? (10,000 psi) hydrogen, A Ky, value of 48 MN/m? VR (44 ksi vIno)

was obtained for one of the specimens tested in this environment, The crack
length of the second specimen was too long and close to the specimen end for an
accurate KTH measurement, The one KTH value obtained is slightly higher than the
, a1 MN/m® /@ (38 ksi VIT, ) value previously reported for Kpy in 34.5 MN/m? (5000
' psi) hydrogen environment. The KTH at various hydrogen pressures was more exactly
determined in Phase VIII of this program.

ik

‘o Figure 34 shows the fracture of a specimen tested in 0.069 MN/m2 (10 psi) hydrogen.
f Sustained load crack growth was very slow and restricted to the inner portion of

%\ these specimens. the dark color of the sustained-load crack growth region is char-
3 acteristic of fractures severely embrittled by hydrogen. Scanning electron fract-
",

ography, however, showed the fracture to be predominately ductile., Because of the
very irregular shape of the crack front and the long crack lengths at K final, the
] accuracy of the KTH values obtained in 0.069 MN/m2 (10 psi) hydrogen are questionable.
h
— {
“’T b
:; ? Threshold stress intensity measurements performed on Inconel 718 WOL specimens @
= s
™ i exposed to 34.5 MN/m2 (5000 psi) helium and hydrogen environments at 200 K (-100 F)

are tabulated in Table 14, The specimen tested in helium was loaded to above the
) S-percent secant intercept, but below the point at which the load declines with
. increasing crack opening displacement. There was a small load decline soon after
the specimen was loaded which may have been more the result of stress relaxation
at the crack tip than crack extension. The stress intensity at the S5-percent
secant offset was 150 MN/m2 ‘ﬁi'(136 ksi Vﬁ;ﬂ), which is above the maximum stress
b intensity that meets ASTM plane strain conditions for 0.0254 m (1.0 in.) thick
specimens,

L T BE DRI

4 Very slow sustained-load crack extension occurred in the Inconel 718 specimens

' exposed to hydrogen at 200 X (-100 F). The threshold stress intensity was not
obtained because of the very slow rate of crack extension and because the stress
intensity did not decrease during the long period that specimen T2 was under load,
although there was some crack extension during the hold period. Therefore, KTH
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TABLE 14.

RESULTS OF FRACTURE MECHANICS MEASUREMENTS

TESTED IN 34,5 MN/m? (5000 PSI) H, AND He

NN s
Kle Kﬂ\lx
K
Q Meets ASTM Requireoments Nominal Nominal
Test K Stress Stress mJ"‘ Ks1
os MN 2 Crack Less Less m
Specimen Environ- | “3 fv ks1vin. | 2.5 ér—] Require-{ Uniform- | Thane _h%wﬁ KST JTn, | mpgn c ne
Q. ment m yl ments ity ys m y'
dheman

T3 Helium 149 136 no no yes yes 164 149 yes 160 1

T1 Hydrogen .a= wen -- . yos “=- 63 57 yes. 51

T2 Hydrogen - - - - yes ——— 47 43 yes 47

i _
FOLDOUT FRAME
ol d ERRE




L
'HANICS MBASUREMENTS ON INCONEL 718 WOL SPECIMENS
F000 PSI) l-l2 AND He AT 200 K (~100 F)
.
K Final
Time Under Meats ASTM
ggmtnnl Load * Requirements Nominal
ress Stress
'[i"?\” L"%J—'ﬂ_ kst JIn, Seconds 2.8 (_Is__)2 Crack Less Remarks
ang | W X 1074 Hours Tyy Uniformity { Than Tys
yes 160 146 7.38 20.5 no yes yes
The crack extended 0.0065 m (0.255.in)
yes. 81 46 69.1 192 yes yes yes during this period but the crack growth
was not accompanied by reduction of
yes 47 43 95.0 264 yes yes yes stress intensity
W
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i for Inconel 718 at 200 K (~100 F) in 34.5 !‘N/m2 (5000 psi) hydrogen must be less

. 4 than 47 Mi/n’ Vi (43 kst JIR.). This is near the Ky value, 42 MN/n v/m (38 ksi
E vV in.), for Inconel 718 exposed to 34.5 MN/m2 (5000 psi) hydrogen at ambient temper-
e ature. Thus, KTH may be nearly the same at 200 K (-100 F) as it is at ambient

temperature, but the rate of crack extension is considerably slower at 200 X (-100 F)

than it is at ambient temperature, KTH at 144 K (~200 F) was shown in Phase II to

- be 125 MN/m2 vﬁ; (112 ksi JGE.) for Inconel 718 in the same heat treatment condi-
! tion and exposed to 34.5 MN/m2 {5000 psi) hydrogen. This large increase of measured
from 200 K (-100 F) to 144 K (=200 F) may be partly the result of decreased rate
of crack extension with decreasing temperature, and the real value for KTH in hydro-
gen at 200 K (-100 F) may therefore, be lower than 125 M¥/n? J/m (112 ksi V/in.). ,

o The results of the cyclic-load crack growth measurements performed at embient tem- ;

} f perature on Inconel 718 TDCB specimens are plotted in Fig. 35 for tests performed :

I in 34.5 MN/m (5000 psi) helium and 68.9 MN/m (10,000 psi) hydrogen, in Fig, 36

for tests performed in 34 5 MN/m (5000 psi) hydrogen, and in Fig. 37 for tests f

performed in 0.069 MN/m (10 psi) hydrogen. For comparison purposes, the 34.5 MN/m

i (5000 psi) helium curves are included in Fig. 36 and 37 .Figure 38 summarizes the

cyelic crack growth of Inconel 718 by including all of the curves (without data | . H
points) shown in Fig. 35 through 37,

-

The data show that the cyclic crack growth rate in Inconel 718 is faster in
hydrogen than in helium. The influence of hydrogen on the cyclic crack growth
rate increased with increasing hydrcp»n presuive, Even the 1,0-cps data obtained
in 0,069 MN/m2 (10 psi) hydrogen indicate a measurable increase of crack growth
rate compared to that in helium, Comparison of the curves in Fig., 38 shows that
the hydrogen environments hud the greatest effect on the cyclic crack growth rate
in Inconel 718 when the tests were performed at 0.1 cycle/sec compared to the
standard cyclic rate of 1.0 cycles/sec used in this program. The crack srowth
rate per cycle at 0.1 cycle/sec was about five timos faster in 0,069 MNlm (10 psi)
hydrogen and about 25 times faster in 68.9 MN/m (10,000 psi) hydrogen comparod to
helium at 34.5 MN/m (5000 psi) for the lowest stress intensity range, 55 MN/m

/i (50 ksi v/In.), tested at this cyclic rate,
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The increase of cyclic erack growth rats due to the hydrogen environments decreased
with increasing stress intensity for all hydrogen pressures and cyclic rates tested,
Above 110 I»N/ﬂl2 \/aT(!.OO ksi \fﬁ.) stress intensity range, the crack growth rate
was less than or equal to the crack growth rate in helium when the tests were con-
ducted at 1.0 cycle/sec, At 0.1 cycle/sec, there was still a sizeable effect of
68.9 MN/m2 (10,000 psi) hydrogen environment on the crack growth rate at a stress
intensity range of 117 M/m® Vi (106 ksi VIn.). For the 0,069 MV/n® (10 psi)
tests, the cyclic crack growth rate was about the same at 1.0 and 0.1 cycles/sec
when cycled at £8 MN/m2 \ﬁi'(so ksi vqﬁ.) stress intensity range.

Figure 39 is a plot of the crack growth rates in Inconel 718 exposed to 68.9 MN/m2
(10,000 psi) hydrogen and cycled at 1.0, 0.75, 0.50, 0.25, and 0.1 cycles/sec at
54.7 MN/m2 \AF-(49.7 ksi \/TE.) stress intensity range. The crack growth rate

in 34.5 MN/m2 (5000 psi) helium at 54.7 MN/m2 \ﬁi-(49.7 ksi Vq;.) stress intensity
range is also included for comparison purposes. The data in Fig. 39 show that the
crack growth rate increases with the time per cycle and that the cyclic crack

growth rate in 68.9 MN/m2 (10,000 psi) hydrogen would approach the rate in helium
at cyclic rates greater than 1 cycle per second.

Recently, Wei and co-workers (Ref. 24) measured the cyclic crack growth rate at

5 cycles per second in Inconel 718 in 0,133 MN/m2 (10-3 torr, 19.3 psia) hydrogen
at 576, 296, and 221 K (577, 73 and -62 F), and in argon at 297 X (75 F), and
showed no hydrogen effect on the cyclic crdck growth rate. Their specimens were
fabricated from 0,0032 m (1/8 in.) plate and were in the 1255, 991-894 K (1800,
1325-1150 F) heat treatment condition which is essentially equivalent to heat treat-
ment A (Table 5). The lack of embrittlement observed by Wei and co-workers is
probably due to the combination of low hydrogen pressure and high cyclic test rate,

The data in Fig. 39 show that the function between time per cycle and crack growth
rate is complex, and could not be expressed as the summation of the cyclic crack
growth rate in helium and the sustained-load crack growth rate in 68,9 MN/m2
(10,000 psi) hydrogen. This summation theory has been proposed by Wei and Landes
(Ref. 25) to explain cyclic load crack growth in reactive environments.
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Wei and Landes proposed that cyclic crack growth in an aggressive environment is
oqual to the sum of the rate of fatigue crack growth in an inert environment and
sustained-load crack growth in the aggressive environment., Gallagher (Ref. 26)
showed that Wel and Landes sumnation theory adequately described fatlgue crack
propagation of AISI 4340 in salt water. Recently, Nelson, Tetelman, and Williums
(Ref. 27) showed that the crack growth rate in Ti-5A1-2,5 Sn in 0,101 MN/m (1~
atmoaphere-pressure) hydrogen can be expressed as the sum of sustained~ load crnck
growth rate in hydrogen snd cyclic load crack growth rate in 0.133 NM/m (10
torr) vacuum,

Quantitative susiained-load crack growth rates are not available for Inconel 718
oxposed to high-pressure hydrogen environments. Comparison with the sustained-load
crack growth during KTH measurements (Phase VIII below) would, however, indicate
that the sustained-load crack growth rate of Inconel 718 in 34,5 MN/m (5000 psi)
hydrogen is considerably faster than would be indicated by the data shown in Fig.
37, assuming Wei and Landis summation theory to be applicable.

The results of the cyclic-load crack growth measurements performed on Inconel 718
WOL specimens exposed to 34.5 MN/m2 (5000 psi) hydrogen at 200 K (-100 F} are
plotted in Fig. 40. 'The data shows a greater degree of scatter than was obtained
at ambient temperatures on Inconel 718 TDCB specimens, The difference in data
scatter is probably the result of the different specimen types. For the WOL speci-
mens, the stress intensity increases continuously with increasing crack length and
for each cyclic increment, the average stress intensity during that period is
assumed. For the TDCB specimen, the stress intensity remained constant with crack
length and the cyclic crack growth rate can be well established before proceeding
to a higher stress intensity.

Comparison of the crack growth rates in Fig. 38 and 40 shows that the rate of crack
extension was about the same in 34.5 MN/m (5000 psi) hydrogen at 200 X (-100 F)

as in 34.5 NN/m (5000 psi) helium at ambient temperature. The cyclic crack growth
measurements performed by Wei and co-workers (Ref. 24) showed that the cyclic crack
growth rate decreased with decreasing temperature in Inconel 718. Thus, the simi-
larity betwsen the cyclic crack growth rates in hydrogen at 200 K (-100 F) and in
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helium at ambient temperature does not necessarily mean that there was no hydrogen
environmental effect on crack growth at 200 K (~100 F) since the crack growth rate
iy helium may be alower at 200 K (=100 F} than at ambient temperatures,

PHASE VI. FRACTURE MECHANICS PROPERTIES OF A PRESSURE
VESSEL STERL IN HIGH-PRESSURE HYDROGEN

The tensile properties, KIC' KTH' and rat2 of crack extension during cyclic loading
was determined for ASTM A-533-B steel exposed to 103.4 MN/m2 (15,000 psi} hydrogen
and helium environments. The fracture mechanics testing was performed with 0.0254 m
(1 in.) thick compact tension specimens for the KIC and KTH measuremcii.s and with
TDCB specimens for the cyclic loading crack growth rate measurements.

The tensile test results ar. tabulated in Table 15, The degree of embrittlement of
the notched specimen is consistent with the H2/He notch strength ratio of 0,78
obtained previously (Ref, 28) in 68.9 MN/m2 (10,000 psi) hydrogen, for ASTM A-533-B8
material. The reduction of unnotched specimen ductility is also about the same as
obtained previously in 68.9 MN/m2 (10,000 psi) hydrogen, but the strength decrease
of the unnotched specimen IUH-3 was larger than expected.

The results of tests performed on A-533-B compact tension specimens in 103 MN/m2
(15,000 psi) helium and hydrogen environments are tabulated in Table 16. The tests
were performed in the same manner as the compact tension tests on Inconel 718 speci-
mens discussed in Phase V. The results in Table 16 irdicate that plane strain K,.
values were not obtained on the A-533-B specimens., That is, the 0.0254 m (1.0 in.)
specimens were not sufficiently thick to meet plane strain requirements. The nom-
inal stresses at KQ were clso higher than the yield strength of A-533-B, The stress
intensities at Kmax were greater than 1.1 times KQ and, therefore, the recent mod-
ification of the ASTM KQ requirement was not met for any ofzthe tests, The cyeclic
crack growth measurements repuorted below show that 103 MN/m® (15,000 psi) hydrogen
snvironment considerably acceierates the rate of cyclic load crack growth at stress
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TABLE 16. RESULTS OF AMBIENT TEMPERATURE FRACTURE M/
ON ASTM A-533B COMPACT TENSION SPECIMEN

'IC Km“ Gravh Langths
. " .
Tant Vivironaent | Muets ASTM Requirement Neminal Naminal m:;‘:::‘:
Pressurs Ky Crach Stress Htrenn
Spaclmen kg TAS Lens Lo N
2 2 i F F N ] ﬁ F = ﬂ'—'
No. | TypelMN/m™ psi | MN/m* /A | kei JTRV] 2.8 (Kla") Requiremants| Uniformity| Than %, MN/m R ksi gm’ Than o, f  M¥/m Vi kxl /0,
L] L[] L]
1 He | 103 15,000 100 9t ne he yos® ne LA7 134 no 144 13)
1 Hy | 105 15,000 1) 7 no no yas no 129 117 no 108 98
2 H 103 15,000 80 73 ho na yosr* no L4 as no 95 -1}
3 Il2 103 15,000 43 75 ne ne yost ne 1208 1le no 106 9

*Cruck front along one edge <1.27 ® 10"" m (0.05 in.) from machined notch and thus the precrack does not
mast all ASTM requirements
styisld strength A-533-B = €89 MN/n® (100 ksi) K for plane straln €43 M/n® /& (63 ket /IR.)
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IENT TEMPERATURE FRACTURE MECHANICS MEASUREMENTS

B COMPACT TENSION SPECIMENS

K FFinal
track Lcngshn Crack Lengths
Monsure Measured by Time Under Mests ASTM
N';"'._':.c:: Directly Compilance Reguirenenty Ng’:m:: R

. Less 2 o 2 "°'_‘" 2 Crack Loas a b
.t" n, | Than Uys M/ kei /In. | MN/m® v | wed VIR [ x L0 Hours | 2.8 (x/qﬂ] Uniformity Th::x uy’ Km“/a" Remurks

134 no 144 131 135 123 7.62 46 no no ne 2.1
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116 no 106 9 9 o | 9 | 72 no no no 1| e Tare lond
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intensities as low as 22 MN/m2 4@?(20 ksi vﬁﬁi). Thus, it would be expected that

crack extension accompanied plastic deformation at the KQ values chtained during the
103 MN/m2 (15,000 psi) hydrogen-environment tests, The KQ values chbtained in hydro-
gen were significantly less than the value obtained in helium, which tends to indi-

cate that hydrogen induced crack extension at KQ did occur.

Sustained load crack growth of A-533-B in hydrogen occurred predominately at the
inner region of the specimen, and there was very little, if any, crack extension
along the sides. One possibility is that the excess plastic deformation present

at Ko x blunted the crack, thus inhibiting c¢rack extension except at the inner

high triaxial restraint region, To confirm this, specimen No. 2 was loaded to

the 10-percent secant intercept, rather than to the failure load, and then placed

in COD control to crack arrest. The crack extended only an average of 3.7 x 1078 m
(0.014 in.) during the test, and it would, therefore, seem that the excessive plastic
deformation at Kmax does not account for the lack of sustained-load crack growth

at the specimen sides,

The greatest sustained-load crack extension occurred on specimen No. 2, but there
was virtually no crack growth along the rsoecimen sides and the deviation of crack
length from the average crack length was 38 percent. K., of specimen No, 1 deter-
mined from compiiance measured crack length was 64 MN/mEH\ﬁE-(SS ksi vin.). This
difference is due to the irregularity of the crack front and the compliance deter-
mined crack length should better represent the effective crack.length.

It would, therefore, appear that appreciable sustained-load crack growth occurs

in ASTM A-533-B in hydrogen only under plane strain conditions and KTH can be
measured only on specimens that are appreciably thicker than the 0.025 m (1.0 in,)
compact tension specimens.
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The strength ratio RSC is the ratio of the nominal stress at Kmax to the material's
yie)ld strength, and according to ASTM E-399 is to be computed whenever the KQ plane
strain requirement is not met. The stress at Kmax was almost twice yleld for all
but specimen No. 2, which was not loaded to the "failure' load,

The cyclic load crack growth rates obtained on ASTM A-533-B specimens exposed to
103.4 MN/m2 (15,000 psi) hydrogen and 103.4 MN/m2 (15,000 psi) helium environments
at ambient temperature are plotted in Fig. 41 . Comparison of the two curves in

Fig. 41 indicates that the hydrogen environment considerably accelerates the cyclic
crack growth rate in ASTM A-533-B steel. The crack growth rates were about 20 times
faster in hydrogen than in helium over the entire stress intensity range for which
testing was performed.

PHASE VII. CYCLIC CRACK GROWTH IN HY100 STEEL
IN HIGH-PRESSURE HYDROGEN

The effect of high-pressure hydrogen environments at ambient temperature on cyclic
crack growth rates was determined for the HY100 steel. Two series of tests were
performed to determine cyclic crack growth rates as a function of stress intensity
in 51.7 MN/m2 (750 psi) helium and hydrogen environments. A third series of tests
were performed at one stress intensity range, 54.7 MN/m2 \ﬁ;-(49.7 ksi \/Iﬁ.),
while the specimen was exposed to hydrogen at pressures ranging from 0.101 MN/m2
(1 atmosphere) to 103.4 MN/m’ (15,000 psi).

Figure 42 shows the results of the cyclic.load crack growth measurements performed
on HY100 specimens. Specimens No, 1 and 2 were tested in both hydrogen and helium
environments, with the tests conducted in helium first. For specimen No. 1, the
data obtainei in hydrogen progressed from the higher stress intensity ranges to
lower stress intensity ranges. Because of the rapid crack extension in hydrogen,
the overload condition existing at the beginning of testing at each stress intensity
range was quickly eliminated. It was observed, however, that the load range could
be reduced only a limited amount, 5.5-11 MN/me /R (5-10 ksi vIn.) for the crack to
extend immediately at the beginning of each reduced stress intensity series,
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After completing the cyclic-load crack growth measurements in helium on specimen

No. 2, the crack was extended by cycling in hydrogen at a stress intensity less than
the liwest stress intensity for crack growth measurements, Thus, all of the hydro-
gen data on specimen No, 2 were obtained in the usual manner by load cyeling at
progressively higher stress intensities.

PR %

The results of the cyclic-load crack growth measurements indicate that the 51.7
MN/m2 (7500 psi) hydrogen environment considerably increases the crack growth rate
over the entire range of stress intensities at which .neasurements were made. The
cyclic-load crack growth curves shown in Fig, 41 for HY100 are similar to those
shown in Fig. 40 for ASTM A-533-B. The cyclic-load crack growth rate is about 20 _ 4
times faster in hydrogen than it is in helium at the higher stress intensity ranges.

Figure 43 shows the effect of hydrogen pressures ranging from 0.101 MN/m2 (1 atm)
to 103.4 MN/m2 (15,000 psi) on the cyclic crack growth rate in HY100 when cycled

at 54.7 MN/m2 Vvm (49.7 ksi VG;.) stress intensity range. The cyclic crack growth
rates increased with increasing hydrogen pressure with no indication of leveling
out at the higher hydrogen pressures. Plotting the data on log-log or as square
ronts did not result in straight-line curves,

. AN e GRS L

The hydrogen environment appeared to increase the cyclic crack growth rate even

at the lowest hydrogen pressures tested. The cyclic crack growth rate in 51.7 MN/m2
(7500 psi) helium was about 0.38 micrometers/cycle (15 microinches/cycle) (Fig. 42)
when cycled at 54.7 MN/m2 \/ﬁ'(49.7 ksi \/E;:) stress intensity range. This is
considerably lower than the cyclic crack growth rate obtained in hydrogen at 0,101 : i
MN/m2 (1-atmosphere pressure).

An attempt was made to determine the sustained-load threshold stress intensity

in 51.7 MN/m2 (7500 psi) hydrogen. On completion of the cyclic load testing in u
hydrogen, specimen No. 1 was loaded to 140 MN/m2 \/ﬁ-(127 ksi \/in.) stress inten-
sity and significant sustained-load crack extension did not occur., The specimen ﬁ

was then unloaded and reloaded to 147 MV/m* V/m (134 ksi vIn.) and sustained-load
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crack growth accurred for about 4680 seconds (80 minutes), at which time it was
evident that crack growth had stopped at a stress intensity of 133 MN/m2 vm

(121 ksi Vin.). During this period, the crack extended an average of 0.0076 m
(0.3 in.)., Examination of the fracture showed that sustained-load crack extension
was not uniform across the fracture and was about 0.0160 m (5/8 in.) along the
edges and 0.0032 m (1/8 in.) in the middle., There was a discontinuity perpendic-
ular to the plane . f the fracture in this region and that may have inhibited
sustained-load crack growth in the center of the fracture.

A comparative KTH test was not performed on ASTM A-533-B TDCB specimen, but as was
reported in Phase VI, sustained-load crack extension in ASTM A-$33-B compact ten-
sion specimen was almost entirely in the innev region with almost no growth along
the specimen sides. The side grooves in the HY100 TDCB specimen would increase
the plane strain restraint along the edges and, therefore, may account for the
greater crack extension at the edges. However, the apparent discontinuity at the
specimen center would seem to offer a more likely explanation for the predominant
crack growth along the fracture edges.

PHASE VIII. MECHANISM OF HYDROGEN~ENVIRONMENT EMBRITTLEMENT

Crack arrest measurements (KTH) were performed on Inconel 718 and AISI 4340 low
alloy steel specimens exposed to hydrogen at various pressures. Crack arrest
measurements were selected for this investigation because at crack arrest, equi-
1ibrium exists between the hydrogen in the gas phase, at the crack tip, and the
hydrogen adsorbed on the metal surface or absorbed in the affected surface layer.
Thus, equilibrium crack extension measurements in hydrogen should be independent
of the transport processes involved in the transfer of hydrogen from the gas phase
to the embrittling location on or in the metal, The change of stress intensity

at crack arrest due to the hydrogen environment is, therefore, a measure of the

embrittling condition and is independent of the reactions involved with obtaining
this condition,

e e AR, S




Mechanisms that have been postulated (Ref, 12) for explaining hydrogen-environment
embrittiement of metals are: (1) reduction of strain energy nesded to initiate

and propagate a crack by the energy evolved during adsorption of hydrogen on the
metal surface, (2) reduction of the bond strength of the metal lattice because

of the presence of absorbed hydrogen, and (3) reduction of surface ductility because
of the presence of adsorbed or absorbed hydrogen.

The relaticnship between KTH and hydrogen pressure should clarify the role of
adsorbed and absorbed hydrogen on hydrogen-environment embrittlement. Beeck et al.
(Ref. 29) and Porter and Tompkins (Ref. 30) have shown that a saturated chemisorbed
surface hydrogen layer is obtained on nickel and iron surfaces exposed to hydrogen

at pressures considerably less than 0.101 MN/m2 (1 atm}. On the other hand, the
solubility (Ref. 31).of hydrogen in iron and nickel increases with increasing
hydrogen pressure according to Sievert's square root of pressure relationship.
Therefore, the stress intensity at crack arrest should be virtually independent

of hydrogen pressure for a hydrogen-adsorption-dependent mechanism and would increase
as the square root of hydrogen pressure for a hydrogen-absorption-dependent mechanism.

The Ky, measurements were performed on AISI 4340 WOL specimens and Inconel 718 WOL
and TDCB specimens. The Inconel 718 specimens were in the F heat treatment condi-
tion, and were fabricated from the 0,0041 m (1-5/8 in,) forging. The AISI 4340
specimens were tested in the vessel shown in Fig. 8, using either the loading
column described in Fig. 9 or electrohydraulic control to maintain a constant COD.
The Inconel 718 WOL and TDCB specimens were tested in the vessel shown in Fig. 7
with electrohydraulic control maintaining a constant COD,

AISI 4340

The initial tests on AISI 4340 were performed such that each specimen was exposed
to only one hydrogen pressure. The results of these tests are tabulated in Table
17. Examination of the data in Table 17 indicates that for a given set of test
conditions, there was a greater difference of KTH between specimens that between
repeated tests on the same specimens.
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Subsequent testing was thon conducted hy performing repeated crack arrest measure-
ments on the same specimen at various pressures until the crack length was too

long for accurate measurements. These tests rasults are plotted in Fig, 44, It
can be seen from thase results that the stress intensity at crack arrest decrenses
slightly with increasing hydrogen pressurs, The data indicate the stroess intensity

at crack arrest ia approximately proportional to hydrogen pressure to the 0,076
power,

Crack arrest was assumed to occur when the load versus time strip chart recording
became horizontal (no further decrease of load with time). The rate of c¢rack
growth approaching crack arrest for one of the specimens is plotted in Fig. 45, Te
conserve the specimens, they were loaced to stress intensities only slightly abuve
KTH' thus relatively few data points were obtained at each pressure, It is evident,
however, that the crack growth rates decrease much more rapidly with decreasing
stress intensity at the higher hydrogen pressures than at the lower hydrogen pres-
sures, Extrapolation of the crack growth rute data indicates that the curves

would meet at a crack growth rate of approximately 4.2 nm/s (10 u in./min) and

a stress intensity of approximately 9.9 MN/m® Vi (9 kel VIRD).

The purging treatment for the series of tests shown in Fig., 44 consisted of a
series of evacuations to <20 microns and backfillings to the lowest test pressure.
Prior to performing each subsequent test at pressures greater than 0,34 MN/m2

(50 psia), the vessel was pressurized-depressurized between the next test pressure
and about 0,34 MN/m2 (50 psia). It could be postulated that because the purging
treatments at ‘.nc higher pressures were more effective, the impurities (air) pre-
sent in the hydrogen were less concentrated at the higher hydrogen pressures and
this, in turn, resulted in a lower Kpy 8t the higher hydrogen pressures. To test
this, crack arrest moasuroments were performed on specimen Mo. 14 at 0.34 MN/m

{50 psl) and 0,034 MN/m (5 psi) hydrogen pressures following the series of increas-
ing pressure tests to 34.5 MN/m2 (5000 psi), The results are contained in Fig. 44
and 45, There was no difference in the stress intensity at crack arrest between
the increasing and decreasing pressure tests, but the crack growth rates just pre-
ceeding crack ‘arrest were somewhat slower for the decreasing pressure tests than
for the increasing pressure tests,
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Nelson and Williams (Ref. 32) have performed an extensive series of sustained-
load c¢rack extension measurements on AISI 4130 steel in low-pressure hydrogen en-
vironments at various temperatures, Their tests were performed on TDCB specimens,
heat treated to Rc 47, which is the same hardness as the AISI 4340 WOL specimens
in this program. They performed ambient-temperature (297 K, 75 F) measurements at
0.0025, ©.0112, 0,03333, and 0.0773 MN/m2 (0.36, 1,62, 4.8, and 11.2 psia) hydrogen
pressures at crack growth rates from 10'4 to 10'8 m/s {236 to 0.023 x 10'3 in,/
min}. Thus, the test conditions for the tests performed by Nelson and Williams
were similar to those in this program. The stress intensity at the lowest crack
growth rate measured by Nelson and Williams was about 19 MN/m2 vym (17 ksi Yino)

at 0.0773 MN/m2 (11.2 psia ) hydrogen pressure and about 21 MN/m? /A (19 ksi vIno)
at 0,0333 MN/m2 (4.8 psia) hydrogen pressure., Thus, the Kpy stress intensities
were about 5 MN/m2 Vi (4.5 ksi /In.) higher for the AISI 4130 steel than for the
AISI 4340 steel. The stress intensity at a crack growth rate of 1 x 1(1"'6 m/sec
(2,36 x 10°% in./min) was proportional to PHZO‘Z.

The quantitative agreement between the data obtained on AISI 4130 in low-pressure
hydrogen and on AISI 4340 in high-pressure hydrogen is poor. The pressure expon-
ents in the KTH equations of 0,076 for AISI 4340 and 0.2 for AISI 4130 steel are
not particularly close,and the Kpy values obtained were significantly higher for
AISI 4130 than for AISI 4340, In general, further investigations are needed to
determine the influence of hydrogen pressure on crack arrest for low-alloy steels
in hydrogen.

Inconel 718

Crack arrest measurements were performed on Inconel 718 WOL and TDCB specimens in
the F heat treatment condition, and the test results are tabulated in Table 18.

Ky is plotted versus PH2 in Fig. 46 and versus square root of Py in Fig. 47,
There was very good corralation of test results between the WOL and TDCB specimens.

The results indicate that at lower hydrogen pressures, below approximately 20.7

MN/m2 (3000 pei}y, KTH is a function of pressure, but su higher pressures it is
independent of pressure. At the lower pressures, K., is approximately proportional
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to PH 0'43. The exponent is sufficiently closs to 0.5 to suggest that KTH may be

2
proportional to the square root of pressure and a plot of KTH versus fFH (Fig. 47}
shows a reasonable straight-line relationship, 2

The sustained-load crack growth rates preceeding crack arrest are plotted in Fig,
48, Crack propagation preceeding crack arrest is about 2 orders of magnitude
slower In Inconel 718 than in AISI 4340. The tests were terminated when there
was no measureable load decline during a 1- to 2-day period. The rate of crack
extension did not appear to be uniform with time,and the lack of apparent crack
growth over a l1- to 2-day period did not necessarily mean that a crack arrest had
occurred. In fact, it is not likely that true crack arrest was obtained at the
lower pressures, although crack arrest may have been closely approached.

It is evident that the rate of crack growth decreases less rapidly with decreasing
stress intensity at the lower hydrogen pressures than at the higher hydrogen pres-
sures, The data for the lower pressures extrapoiates to 42 MN/m2 /m (38 ksi vIn,)

stress intensity at a crack growth rate of about 7 x 103 m/s (1 x 1078 1n./
hour}.

There are two suggested interpretations of the results on Inconel 718, One is
that crack arrest was not obtained at hydrogen pressures less than 21 MN/m2 (3000
psi) and that the /FE; relationship in this region is fertuirous. On this assump-
ticn, true crack arrest was obtained only at hydrogen pressures above 21 MN/m2
(3000 psi), and K is independent of hydrogen pressure as predicted if the em-
brittlement is purely a surface effect and thus depends only on adsorption.

A second interpretation is that crack arrest was achieved at the lower pressures,
and the stress intensity at crack arrest is proportional to the square root of
hydrogen pressure at these pressures because it is a function of the amount of
hydrogen in solution in the surface layers,and this is equal to the solubility
under equilibdbriwm conditions. The lack of a hydrogen pressure effect above 21 MN/m2
(3000 psi) would have to be explained on the basis that increasing the hydrogen in
solution above a certain limit (the equilibrium solubility of hydrogen in Inconel
718 in contact with 2! MN/lnz (3000 psi) hydrogen at ambient temperature) does not
further decreass KTH (increase embrittlement).
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The determination of the relationship betwesn the stress intensity at crack arrest
. and pressure for Inconel 718 in the F heat treatment condition would require addi-

tional, longer-time testing at the lower pressures. The determination of this

relationship for nickel-base materials could be more easily achieved by testing

& material in which crack growth rates are more rapid,and crack arrest would be

more rapidly obtained. Examples of such materials would be electroformed nickel K
or Inconel 718 in the A heat treatment condition,
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DISCUSSION AND SUMMARY

To correlate the results of the eight different phases, the results will be sum-
marized, for the most part, by material.

INCONEL 718

The degree of hydrogen-environment embrittlement of Inconel 718, as measured by
reduction of notch tensile strength at ambient temperature in 34.5 MN/m (5000 psi)
hydrogen, was found to be a function of both forming operation and heat treatment.

The least hydrogen embrittlement, i.e., the highest NHz/NHe ratio occurred with
the plate in the A and B (Table 5) heat treatment conditions. The corresponding
microstructure was one which was fine grained, with Ni;Cb being very dispersed.
On the other hand, the greatest embrittlement resulted from the A heat treatment
on the rolled bar and forging. The corresponding most embrittled microstructure
was one which was coarse grained and contained an almost continuous network of
NiszCb. For all three forms (rolled bar, forging, snd plate), the C heat treatment
gave the most consistent results and the highest notch strength in helium and
hydrogen. The C heat treatment consisted of a 1325 K (1925 F) anneal and 1033 to
922 K (1400 to 1200 F) age, The high-temperature anneal placed the Ni3Cb into
solution, but also increased the grain size. Removal of the NijCb phase de-
creased embrittlement of the relatively large-grained rolled bar and forging ma-
terials, but the increase of grain size increased embrittlement of the fine-
grained plate although the NizCb phase was eliminated,

Heat treatment E, designed to place the Ni,Cb into solution but avoid grain
growth, resulted in the same degree of embrittlement as the C heat treatment.
Grain growth was minimized by the E heat treatment, but complete solution of
Ni,Cb occurred only in the tolled bar and not in the forging and plate. The re-
sults indicated that a very fine grain size, ASTM 10, is neede to significantly
improve the resistance to hydrogen-environment embrittlement of Inconel 718,
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With respect to hydrogen-environment embrittlement of the welded Inccnel 718
specimens, the weld metal with C heat treatment was the most severely embrittled
condition. As with the parent metal, the notch strength in helium of both the
weld metal and heat-affected zons was higher with the C heat trsatment than with
the other two heat treatments, However, the degree of hydrogen-environment
embrittlement of the weld metal was large enough t. the C heat treatment that
the notch strength in hydrogen was somewhat lower with that heat treatment than
with the A heat treatment. Therefore, the fine dendritic weld structure of the A
condition was less embrittled by the hydrogen environments than the equiaxed re-
crystallized structure of the C heat treatment.

For the parent metal and weld metal, the B overaging heat treatment did not signif-
icantly change embrittlement from that for the A heat treatment. This lack of
sensitivity of embrittlement to overaging indicates that the degree of hydrogen-
environment embrittlement is not strongly influenced by the age-hardening precip-
itate siie, morphology, or coherency.

There are three distinct fracture stages during the testing in hydrogen of non-
precracked specimens of embrittled materials: crack initiation, suberitical

erack growth, and ductile fast rupture, Crack initiation occurs at the surface
after a critical amount of the plastic deformation. The strain at crack initiation
was measured in a company-sponsored program on unnotched Inconel 718 specimens
exposed to 48.2 MN/m2 (7000 psi) hydrogen, The stain-to-crack initiation was the
same (about 3 percent) for the specimens in the A and C heat treatment conditions,
indicating that the degree of embrittlement was a function of subcritical crack
growth rate rather than the strain at crack initiation,

The influence of hydrogen on the sustained-load, suberitical crack growth (KTH)

of Inconel 718 was determined., The results showed a considerably lower critical
stress intensity for hydrogen-environment induced crack growth for specimens

in the A condition than in the C condition. The rolled bar in the A condition
tested in 34.5 MN/m2 (5000 psi) hydrogen had the lowest KTH value, 14 MN/m2 m

(13 ksi /IN.), of all the materials that were tested, Hydrogen-induced crack
growth was intergranular in the C condition and predominantly transgranular in the
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A condition, The flat transgranular cleavage of the A condition contained a
higher~-than-average columbium concentration, indicating the presence of N13Cb.
Thus, hydrogen-induced crack extension evidently occurred more readily through

the Niscb phase, when present, then intergranularly. If this is true, the sub-
critical crack growth rate in the A heat treatment condition would be determined
by the continuity of the NiLCb phase. Thus, the fine-grained plate with dispersed
Niscb was less embrittled than the coarse-grained bar and forging with relatively
continuous Niscb.

KTH for subcritical sustained-load crack growth in Inconel 718 in the F heat
treatment condition was found to be approximately proportional to the sguare root
of hydrogen pressure at pressures less than 21 MN/m2 (3000 psi) and independent of
hydroges pressure at pressures greater than 21 MN/m2 (3000 psi). Kyyy Was appar-
ently independent of temperature between ambient temperature and 200 K (-100 F).
KTH at 144 K (-200 F) was apparently not reduced by the 34,5 MN/m2 (5000 psi)
hydrogen environment when in the C heat treatment condition. There was, however,
a small decrease of KTH for Inconel 718 in the A heat treatment condition when
exposed to 34,5 MN/m® (5000 psi) hydrogen at 144 K (-200 F).

The eyelic crack growth rate in Inconel 718 also increased with increasing hydro-
gen pressure, The crack growth rate for AK around KIC ~110 MN/m2 ym (100 ksi
/IET)) was about the same in hydrogen as in helium. Decreasing the cyclic fre-
quency from 1.0 cycle/sec to 0.1 cycle/sec considerably increased the cycliic crack
growth rate at 0,69 MN/m2 (10 psi) and at 68.9 MN/m2 (10,000 psi) hydrogen pres-
sures. A series of measurements performed between 1.0 cycle/sec and 0.1 cycle/
sec showed that the crack growth rate increased as a complex function of the time
per cycle.

The suggeation (Ref. 25 through 27) that cyclic crack growth in an agressive en-

vironment is equal to the sum of the sustained-load crack growth in the agressive
environment and the inert environment cyclic crack growth does not appear to hold
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true for Inconsl 718 in hydrogen, The cyclic crack growth rate for Inconel 718

in hydrogen was slower than the sum of cyclic erack growth rate in holium and sus-
tained-load crack growth rate in hydrogen at high AK levels. The opposite occurred
at the low AK levels where the hydrogen environments increased the cyclic crack
growth rates at stress intensities below KTH'

It has been ohserved frequently that there is a delay before sustained load crack
extension occurs when loaded immediately after cyclic loading in hydrogen. Thus,
the lack of significant increase of cyclic crack growth rate as the cycling rate
decreased from 1.0 to 0.25 cycles/sec may be the result of this delay, It was

shown that fracture of the Inconel 718 specimens was intergranular when tested

under sustained load in hydrogen. It is likely that cyclic crack growth in hydrogen
is transgranular and the delay between cyclic and sustained-load crack growth may

be the transfer from transgranular to intergranular crack growth.

Cyclic crack growth measurements also were performed on Inconel 718 at 200 K
(=100 F) 4in 34,5 MN/m2 (5000 psi) hydrogen, and the rates were about the same
as cbtained in 34.5 MN/m2 (5000 psi) helium at ambient temperature.

ASTM A-533-B

ASTM A-533-B is embrittled by hydrogen as shown by the formation of surface cracks,
reduction of notched tensile strength, sustained-load crack growth, and increased
rate of cyclic crack growth when tested in high-pressure hydrogen environments.

The reduction of tensile properties in 103.4 MN/m2 (15,000 psi) hydrogen was simi-
1ar to the reduction of tensile properties obtained previously (Ref. 27) in 68.9
MN/m2 (10,000 psi) hydrogen on a different heat of material. In the earlier pro-
gram, it was shown that ASTM A-533-B was severely embrittled by high-pressure
hydrogen environments.

Fracture mechanics tests were performed on 0.0254 m (1.0 inch) thick specimens.

This thickness was found insufficient to meet ASTM plane strain fracture toughness
requirements for the K;. and Kpy vaiues obtained. The KQ values obtained during
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the fracture toughness tests in 103 MN/m2 (15,000 psi) hydrogen were significantly
less than the values obtained in helium, and it appears that sustained-losd crack
growth did initiate in hydrogen at about 80 MN/m2 vm (73 ksl vIN,) stress intensity,

The sustained-load crack growth during the Kpy Measurements in hydrogen was
limited to the inner region of the specimens, but was appreciable in that region
despite the restraint of the edges at which the cracks did not propagate. Thus,
it would appear that sustained-load crack growth occurs in ASTM A-533-B in hy-
drogen only under plane strain conditions.

Cyclic crack growth rates were considerably accelerated by 103.4 MN/m2 (15,000 psi)
hydrogen over the entire stress intensity range for which testing was performed.

The tensile and fracture toughness measurements on ASTM A-533-B indicate that the
degree of embrittlement is determined largely by crack blunting. Under plane
strain conditions, crack blunting is prevented, and sustained-load crack growth
extended until it was held up by the lack of crack extension at the edges. Cyclic
loading continually resharpened the crack,and the resulting cyclic crack growth
rate was 20 times faster in hydrogen than in helium. Therefore, both cyclic and
sustained-load crack growth must be considered carefully in the design of thick-
wall hydrogen pressure vessels constructed of ASTM A<533-B steel. The minimum
stress intensity for hydrogen-accelerated cyclic ¢rack growth is below 11 MN/m2
/i (10 kst vInl). The minimum stress intensity for hydrogen-induced, sustained
load crack growth was unfortunateiy not measured because of the lack of crack ex-
tension along the edges of the specimens.

HY100

The cyclic-load crack growth measurements on HY100 showed that high-pressure hydro-
gen appreciably increased the cyclic crack growth rate. The increase in rate in
hydrogen occurred over the entire stress intensity range of the measurements in
51.7 MN/m2 (7500 psi) hydrogen, and the crack growth rates were very similar to
those obtained in 103,4 MN/m® (15,000-psi hydrogen) on ASTM A-533-B,
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The influence of hydrogen on the cyclic erack growth rate increased with increas-
ing hydrogen pressure, but was significant even at l-atmosphers pressure.

The influence of hydrogen on HY100 has been investigated to s conaiderably smaller
extent than it has for ASTM A-533-B. Both are pressure vessel steels and have
similar mechanical properties. The data cbtained in this program indicate that
hydrogen-induced suberitical crack growth in HY100 would be similar to that in
ASTM A-533-B, Thus, the plane strain conditions presoent in thick-wall pressure
vessels would likely prevent crack blunting during hydrogen-induced sustained

load crack growth, Therefore, both cyclic and sustained load crack growth

must be carefully considered in the design of thick-wall hydrogen pressure vessels
constructed of HY100 steel.

INCONEL 625

The ductility of unnotched Inconel 625 specimens was considerably reduced, and
the strength and ductility of notched specimens was moderately reduced in 34.5
MN/m2 (5000 psi) hydrogen compared to 34.5 MN/m2 (5000 psi) helium at room temp-
erature. Even the ultimate strength of unnotched specimens was somewhat reduced
in hydrogen at room temperature. The unnotched specimens tested in hydrogen con-
tained surface cracks in the necked-down region which were rather large and deep.
The effect of 34,5 MN/m2 (5000 psi) hydrogen on the tensile properties of Inconel
625 at 144 K (-200 F) was insignificant, and no surface cracking was observed at
that temperature,

The threshold stress intensity (KTH) measurements in high-pressure hydrogen were
affected by branching or blunting at the crack tip. At ambient temperature,
hydrogen-induced, sustained-load crack growth was followed by blunting with each
load increment. At 144 K (=200 F), crack arrest occurred in hydrogen and helium
at stress intensities which appeared to be a function of the maximum lcad only
rather than an intrinsic value. Thus, crack blunting alsc appeared to have a
dominant effect on crack esteasion during the 144 K (-200 F) tests, There was no
sustained-ioad crack extension in helium at ambient temperature. Crack extension
in helium at 144 X (-200 F) was about the same as in hydrogen,
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Crack branching was probably an important factor determining the tensilo as well
as fracture toughness properties of Inconel 625 in hydrogen. The fact that there
were several fairly large surface cracks formed on the unnotched specimens is an
indication of crack branching. Crack branching in tensile specimens can cause
the crack to change direction toward the tensile axis, reduce the streas at the
crack tip, cause the crack to cease propagating, and give other surface cracks

an opportunity to form.

AIST 321 STAINLESS STEEL

The ductility of AISI 321 stainless steel was reduced in 34,5 MN/m2 (5000 psi)

hydrogen at ambient temperature and 144 X (-200 F). The reduction of ductility
correlated with the nature of the surface cracks formed., At ambient temperature,

the cracks were shallow and blunt. At 144 K (-200 F), the cracks were considerably
sharper and deeper than at ambient temperature, and there was a corresponding
greater embrittlement at 144 K (-200 F) than at ambient temperature. Hydrogen-
induced surface cracking in the metastable austenitic stainless steels has been
attributed (Ref. 4 and 3) to reaction of hydrogen with strain-induced martensite.

The results of the K., experiments were similar to those for Inconel 625. When
specimens were loadead in 34.5 MN/m2 (5000 psi) hydrogen at ambient temperature and
144 K (-200 F), crack growth followed by blunting and arrest occurred at each load
increment, and the crack arrest stress intensity was higher after each load
increment.

A-286 STAINLESS STEEL
Tensile tests were conducted on A-286 stainless steel in 68.9 MN/m2 (10,000 psi)
hydrogen, at ambient temperature in a previous program (Ref. 4), and the dats

showed a siight (~2-1/2 percent) reduction of notched strength and no reduction
of notched or unnotched specimen ductility.

The results of Ky, measurements on A-286 WOL specimens therefore were somewlhat
surprising because of hydrogen-enhanced, sustained-load crack growth st ambient
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temperature, The crack growth rate was quite slow in comparison with the other

metals tested, snd there was no indication of crack blunting. Ky, in hydrogen was i

not established but it was below 113 MN/mzvﬁF'CIOS ksi\/ﬂT.). A-286 stainless : l
steel had the highest fracture toughness of any material tested, and all of the |
crack extension occurred above the materials yield strength, Since crack arrest

was not obtained, it wes not ascertained whether (1) gross yielding is necessary '
for hydrogen-environment-induced crack growth in this material, and (2) hydrogen-

/ induced crack extension will occur in plane strain as well as mixed mode fracture.

There was almost no measureable crack extension in the specimens tested in hydro-
gen and helium environments at 144 K (-200 F) although the specimens were loaded

to a stress intensity of approximately 198 MN/rnZ\/m (180 ksiy/in.).

Ti-5 Al-2.§ Sn ELI

: Tensile tests conducted in a previous program (Ref. 4}, on Ti-5 Al-2.5 Sn ELI ‘

E showed that 68.9 MN/m2 {10,000 psi) hydrogen reduced the notched tensile strength ? -

| 20 percent at ambient temperature. Tensile tests conducted in the current pro-
gram at 144 XK (-200 F) in 34.5 MN/m2 (5000 psi) hydrogen showed that there was no
reduction of tensile properties and no surface cracks were observed.

Sustained load crack growth without crack branching or blunting occurred in
Ti-5 A1-2.5 Sn ELI WOL specimens tested in 34.5 MN/m® (5000 psi) helium and hy-
drogen environments at ambient and 144 K (-200 F}. The ambient-temperature, KTH

N  values were 69 MN/m®v/m (63 ksiVin.) in helium, and 3¢ MN/m®y/m (31 ksiv/in.)
in hydrogen. The average stress intensity at 144 K (-200 F) was 60 MN/mz\/;r
(55 ksi\/I;.) in helium, and 58 MN/m2 (53 ksi\/IEZ) in hydrogen. There was,

therefore, a considerable hydrogen environmental reduction of K., at ambient _
temperature but there does not appear to be a hydrogen environmental influence on : -
Ky 8t 144 K (=200 P). |
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2219~T87 ALUMINUM ALLQY

The tensile properties of 2219-T87 aluminum alloy have not been measured in high-
pressure hydrogen., In & previous program (Ref, 4}, it was shown that 1100-0
aluminum, and 7075 T-73 and 6061 T-6 aluminum alloys were negligibly embrittled
when tensile tested in 68.9 MN/m2 (10,000 psi) hydrogen at ambient temperature.
Thus, very little, if any, reduction of tensile properties of 2219-T87 aluminum

would be expected from exposure to high-pressure hydrogen.

Quantitative fracture mechanics data were obtained on 2215-T87 aluminum alloy at

ambient and at 144 X (-100 F). The stress intensity values at crack arrest wers

about the same in both helium and hydrogen environments and, on an average, equal

to K. . in helium regardless of environment, That is, the average K was about
IC 2 ZH

33 MN/m“ v/m (30 ksiv/in.) at ambient temperature, and about 41 MN/m‘y/m (37 ksi

vin.) at 144 K (-200 F) in both 34.5 MN/m® (5000 psi) hydrogen and 34.5 MN/m?

(5000 psi) helium,
OFHC COPPER

The tensile and fracture toughness properties of OFHC copper were unaffected by
34.5 MN/m2 (5000 psi) hydrogen at ambient and 144 X {-200 F). Arm bending rather

than crack growth occurred during the ambient-temperature fracture toughness tests.

There was, however, a small amount of crack growth accompanying considerable
plastic deformation during the 144 X (-200 F) fracture mechanics measurements.
No Kp, values were obtained on OFHC copper.

ACQUSTIC EMISSION MONITORING OF CRACK GROWTH

Crack growth rates in some of the KTH tests were monitored using acoustic emission

circuitry designed and developed at Rocketdyne. The gross correlation obtained be-

tween crack growth rates monitored by acoustic emission and by reduction in
applied load was satisfactory despite instrumentation problems. Discontinuous
crack growth was indicated acoustically in Ti-5 Al-2,5 Sn ELI, A-286 stainless
steel, and 2219-T87 aluminum. The results obtained for A-286 alloy were especi-
ally detalled and interesting.
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MECHANISM OF HYDROGEN~-ENVIRONMENT DMBRITTLEMENT

A series of crack arrest (KTH] measurements were performed on AISI 4340 and

Inconel 718 to clarify the mechanism of hydrogen-environment embrittlement. Crack
arrest measurements have the advantage of being independent of rate processes and
thus are indicative of the actual embrittlement process. The results of the mea-
surements on AISI 4340 indicated that the stress intensities at crack arrest were
preportional to (P )0’076 for hydrogen pressures between 0.034 MN/m2 (5 psia) and
34,5 MN/m2 (5000 ps?) The Inconel 718 results showed that Kppy was approximately
proportional to the square root of hydrogen pressure for pressures between 3.4 MN/m?
(500 psi) and 21 MN/m (3000 psi), and was independent of hydrogen pressure for
pressures from 21 MN/m2 (3000 psi) to 72.4 MN/m2 (10,500 psi). The crack growth
rate of both metals decreased less rapidly with decreasing stress intensity at the
lower hydrogen pressures than at the higher hydrogen pressures. It appeared from
extrapolation of the crack growth rate data that the stress intensity ut crack
arrest may be independent of hydrogen pressure for both alloys. : .J

If hydrogen-environment embrittiement were determined by the reduction of strain
energy resulting from hydrogen adsorption at the crack tip, KTH would be predicted
to be independent of hydrogen pressure. This is because the concentration of chem-
isorbed hydrogen is essentially independent of hydrogen pre.sure for both metals
over the pressure range of these measurements. On the other hand, if embrittle-
ment were due to hydrogen absorbed into the metal, K, would be predicted to be

a function of hydrogen solubility, which is a function of the square root of hydro-
gen pressure, The small effect of hydrogen pressure on K. of both alloys indi-
cates that hydrogen-environment embrittlement results from a hydrogen adsorption
dependency mechanism,
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APPENDIX A

MEASUREMENT UNITS AND CONVERSION TO INTERNATIONAL SYSTEM OF UNITS (SI)

The following are the units and conversions used for obtaining and reporting the

data,
R TR A
To Convert to 8!
Units From Units
in Which Measure-
tUnits in Which ments Were Made,
Quantity Measurements Made ; SI Base Units | SI Symbol multiply by
-]
Temperature degree Fahrenheit | degree Kelvin K o °F + 459,67
-4 ——T:r—
\= Length inch meter m 2.54 % 1072
: Force pound newton N 4,4482
o Pressure psi - N/m? | 6.8948 x 103
4
% Stress Intensity| ksi vIm, - N/m2 vm 1.09885 x 106
‘ Velocity in./min -- m/s | 4.23 x 1074
SI PREFIXES USED
Multiplication Factor Prefix SI Symbol
106 mega M
10° kilo k
103 mi11d m
10°6 micro u
1077 nano n
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APPENDIX B
PHASE I DATA

The following tables contain the data for the individual tensile tests performed
under Phase I, Tensile Properties of Alloys In Hydrogen Environments.
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APPENDIX C

PHASE 1V DATA TABULATIONS

»
' The following tables contain the data for the individual tests performe:d under
Phase IV, Variation of llydrogen-Environment Embrittlement With Material Condition
For Inconel 718.
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TABLE C-8, ROOM TEMPERATURE TENSILE PROPERTIES OF NOTCHED INCONEL 718
SPECIMENS FABRICATED FROM ROLLED BAR SOLUTION ANNEALED AT
1297 K (1875 F), 600 SECONDS (D HEAT TREATMENT) AND
TESTED IN 34,5 MN/m® (5000 psi) HYDROGEN AND
HELIUM ENVIRONMENTS

g - e

i
Specimen Strength Ductility
Notch Strength :
Stress ) Reduction
Concentration Strength gaﬁﬁg' of Area,
No. Factor Environment | MN/m2 | ksi| "2 percent
IR-4 8.7 Helium 1130 | 164 -- 13.8 ?
IR-5 8.9 Helium 1120 162 ~- 13.4
IR-1 8.7 Hydrogen 920 133 0.82 9.0
IR-2 8.7 Hydrogen 930 | 135| 0.83 9.6 ) 1
IR-3 8.7 Hydrogen 960 139 0.85 8.3 _
b
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